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Abstract for laymen

Lithium-ion batteries have many applications, including mobile phones and electric vehicles. They consist
of a positive and negative electrode, separated by an electrolyte. During charging and discharging lithium
ions travel through this electrolyte, which currently contains an organic liquid. However, this organic liquid
is flammable and causes safety issues. Replacing it with a solid electrolyte will improve the safety of lithium-
ion batteries, but the lithium ions typically cannot travel through a solid as fast as through a liquid. In
this work, we investigate a method called melt infiltration to improve the mobility of lithium ions in two
solid electrolytes, LiNO3 and LiNH2. With this method, the solid is first molten into a porous material,
after which the mixture is cooled down. This results in the formation of a new solid structure in which the
electrolyte and porous material are in close contact. We demonstrate that this method is successful for both
LiNO3 and LiNH2, two very different electrolytes, using a wide variety of porous materials. Therefore, melt
infiltration is a suitable method for the improvement of solid electrolytes for safer lithium-ion batteries.

Abstract

Lithium-ion batteries are widely applied in many devices, ranging from mobile phones and electric vehicles
to sustainable energy storage. However, they suffer from safety issues and limited energy densities. These
features can be improved when the liquid electrolyte is replaced by a solid one. One of the problems that has
to be overcome, is that many solid electrolytes suffer from low Li+ ionic conductivities. Nanoconfinement via
melt infiltration is an effective and straightforward method for increasing the Li+ ionic conductivity of LiBH4,
but its effect on other lithium salts has not yet been examined. In this work, the effects of nanoconfinement
on the ion conduction properties of LiNH2 and LiNO3 are investigated. This is done by infiltration in a wide
range of porous metal oxide scaffolds. The resulting nanocomposites were characterized in terms of pore filling
and infiltrate stability with DRIFTS, DSC and XRD, which demonstrated that the interaction of the lithium
salts with the scaffold surfaces are key for successful melt infiltrations. These interactions are affected by the
chemical nature of the scaffolds, including the presence of surface groups and acid sites, as determined with
pyridine FT-IR and NH3-TPD. By tuning these interface interactions, substantial conductivity increases of
more than a factor 1000 were obtained upon measuring the nanocomposite conductivities with EIS. As such,
this work demonstrates that melt infiltration is a widely applicable and well-suited method for improving
the ionic conductivity of solid electrolytes for all-solid-state battery applications.
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1 Introduction

Conventional Li-ion batteries

The transition from fossil fuels to renewable energy resources is one of the greatest challenges that our
society currently faces. Due to the intermittent nature of renewable energy resources like solar and wind
energy, it is required that this energy can be stored efficiently and on large scales. Currently, several methods
are employed for energy storage, all with their own advantages and limitations. One of the most efficient
and reliable energy storage solutions are rechargeable lithium-ion batteries, which are predicted to play an
important role in energy storage in the future.1

Rechargeable lithium-ion batteries are not only vital for energy storage in the future. They are already used
in numerous other applications, including portable devices like smart phones, as well as laptops and electric
vehicles. To acknowledge the large impact of lithium-ion batteries on modern society, John B. Goodenough,
M. Stanley Whittingham and Akira Yoshino have even been awarded the Nobel Prize for Chemistry 2019
for their contributions to the development of these excellent storage devices.2

The current lithium-ion batteries are made of an anode and cathode component, which are separated by
an electrolyte, as shown schematically in figure 1A. The electrolyte facilitates Li+ ionic transport during
charging and discharging cycles, whereas electrons travel through an external circuit where they deliver
work. The electrolyte currently used contains an organic liquid, which has a high Li+ ionic conductivity and
high contact area with both electrodes, minimizing resistances and energy losses in the battery.3

The organic liquid electrolyte however has several drawbacks that affect the battery performance. First of
all, it is flammable and thermally unstable, which can cause mobile phones to burst into flames or lead to
safety issues when extinguishing fires in electric vehicles. More safety issues arise due to possible leakage
problems and formation of lithium dendrites, which can grow during battery cycling and penetrate into the
electrolyte. When they come into contact with both electrodes, short-circuits will occur, causing a decrease
in battery lifetime and capacity loss, not to mention serious safety hazards. Another drawback of the current
organic liquid-containing electrolytes is that they are unstable in combination with metallic Li, requiring
the intercalation of Li in graphite at the anode. This decreases both the volumetric and gravimetric energy

Solid electrolyte
Current collectors

Anode CathodeCarbon

(A) (B)

Figure 1: (A) Schematic of the conventional lithium-ion battery, containing an anode with metallic lithium
intercalated in graphite, a cathode with lithium ions chemically intercalated in cobalt oxide (LiCoO2) and
an electrolyte, typically containing an organic liquid. Image taken from Goodenough and Park [3]. (B)
Schematic of an all-solid state battery, containing a solid electrolyte. Black dots represent carbon, which is
added to improve electric contact between the electrolyte and the anode and cathode components. Repro-
duced from Hu [4].
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1 Introduction

density of the battery.5–9 A solution for improvement of the safety and energy density of lithium-ion batteries
is to replace the organic liquid electrolyte by a solid one.4,6,10,11

Solid-state electrolytes

The use of solid-state electrolytes as shown in figure 1B is expected to overcome many of the problems
associated with the current liquid electrolytes. They are less flammable, have higher mechanical and thermal
stability, and no leakage is possible. This significantly reduces the safety risks associated with the current
batteries.6,10 Furthermore, the formation of lithium dendrites is suppressed, allowing the space between the
electrodes and the risk of short-circuits to be reduced.4 Moreover, most solid electrolytes do not react with
metallic lithium, allowing its use as an anode material and removing the need for intercalation in graphite.
Lastly, all-solid-state batteries can be stacked in a more compact way. These characteristics all contribute
to a reduction in battery weight and volume, allowing higher energy densities to be obtained.4,6,9,10

Even though the implementation of solid electrolytes offers many advantages over the use of liquid elec-
trolytes, all-solid-state batteries are not yet applied. Two issues are the main cause for this. The first is
related to the interface between the electrolyte and the electrodes. Since it is difficult to establish a high
contact area between two solids, high interfacial resistances occur, causing energy losses. The second is
related to the mobility of Li+ ions through the electrolyte, which is often lower in solid electrolytes. To
overcome these issues, solid materials with sufficiently high Li+ ionic conductivity at room temperature
are required. Furthermore, this material should be compatible with metallic lithium or other high energy
density electodes, have negligible electronic conductivity and be stable over a wide electrochemical potential
window.4,6–11

A wide variety of solid-state ion conductors have been investigated for implementation in all-solid-state bat-
teries, including sulfide, oxide and hydride materials. Each of these materials have their own advantages
and disadvantages.8,9,12,13 Complex hydrides are a relatively new class of ion conductors, previously inves-
tigated mainly for hydrogen storage purposes.14 They generally consist of a metal cation (Li+ or Na+) and
a complex anion composed of a central atom coordinated by hydrogen atoms (BH4

– or NH2
– ). Up until

now, research has been performed mainly on the complex hydride LiBH4, a soft and compressible mate-
rial which is not very conductive at room temperature, but becomes conductive after a phase transition at
110�.15,16 For this compound, a strong increase in conductivity was found after nanoconfinement by using
melt infiltration.6,17–19

Aim of this research

While current research has focussed mainly on LiBH4, little is known on the impact of nanoconfinement on
the conductivity of other lithium salts. In this thesis the effects of melt infiltration on the ion conduction
properties of lithium salts other than LiBH4 will be investigated to add to the current scientific knowledge.
As such, LiNH2 was used because its chemical properties are similar to those of LiBH4: both compounds are
complex metal hydrides and reducing agents. Therefore, a similar behaviour can be expected. Furthermore,
research has already been performed on the conductivity of LiNH2 as a pure compound, and a strong increase
in conductivity is demonstrated upon formation of a solid solution with LiBH4.20 Beside LiNH2, LiNO3 will
be studied in this thesis. The motivations for this material are its low cost and thermal stability. Because
this compound has chemical properties different from those of the complex metal hydrides, being for example
oxidizing instead of reducing, different behaviour upon nanoconfinement is expected.
A wide range of metal oxide scaffolds like SiO2, Al2O3, TiO2, Nb2O5 and MgO will be used. Their struc-
tural properties will be characterized with N2-physisorption, whereas pyridine FT-IR and NH3-TPD will be
employed to obtain information on their surface groups. Scaffold pore filling and thermal stability of the
infiltrate will be studied with DSC, DRIFTS and XRD. The conductivities of the resulting nanocomposites
will be measured with EIS. By investigation of a wide variety of chemical and structural properties of both
the LiNH2 and LiNO3 infiltrates and the porous metal oxide scaffolds, the aim of this project is to obtain
more insight on the effects of nanoconfinement on the ion conduction properties of Li-based solid electrolytes.

12



2 Theory

In this work, nanoconfinement of LiNH2 and LiNO3 were performed in porous metal oxide scaffolds to increase
their conductivity. In this theory section, first more information on the different scaffolds that were used for
melt infiltration in this work and their different properties will be provided in section 2.3. Thereafter, more
background information on nanoconfinement and melt infiltration will be provided in section 2.2. Lastly,
section 2.4 will provide a theoretical background on the various characterization techniques used in this work.

2.1 Impact of nanoconfinement on conductivity

As was mentioned in the introduction, previous research on the effects of nanoconfinement on electrolyte
conductivities has focussed mainly on the compound LiBH4. Research showed that although this compound
is not very conductive at room temperature, it becomes conductive after a phase transition at 110�. This
phase transition involves a change in its crystal structure, from an orthorhombic low temperature (LT) phase
to a hexagonal high temperature (HT) phase.15,16 Nanoconfinement was performed in an effort to stabilize
the more conductive HT phase at ambient temperatures. The motivation for this approach was the fact that
changing the interface and dimensions of a material by confinement in a nanoporous scaffold are known to
lower its phase transition temperatures. Indeed, the phase transition temperature of LiBH4 was lowered to
90� using this approach. However, in conductivity measurements no transition temperature was observed.
Therefore, a more conductive phase unrelated to the HT phase was found to persist to temperatures as low
as room temperature.6 The conductivities of both pure LiBH4 and nanoconfined LiBH4 are shown in figure
2A.
An explanation for this increased conductivity is the presence of a phase with highly mobile ions at the
interface between LiBH4 and the scaffold surface, shown in figure 2B. Through detailed analysis and LiBH4

confinement in a range of pore sizes, the layer thickness corresponding to this interfacial layer with highly
mobile ions could be determined.18 Its layer thickness depends on the pore sizes, as well as the chemical nature
of the scaffolds. For example, in silica a larger layer thickness was established than in carbon.18 Further
research on the influence of scaffold surface groups was performed by systematically varying the nature and

(A) (B)

Figure 2: (A) Graph showing the conductivity of LiBH4 (red) as a function of reciprocal temperature,
giving an Arrhenius-like plot where the slope of the graph corresponds to the activation energy related to
Li+ ions hopping through the lattice. A phase transition at 110� significantly increases its conductivity.
This HT phase is stabilized down to room temperature in nanoconfined LiBH4 (black). Duplicated from
Jongh et al. [17]. (B) A highly mobile phase is present at the interface between LiBH4 and the scaffold
surface. This effect is more pronounced at smaller pore radii. Duplicated from Suwarno et al. [18].
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2 Theory

density of SiO2 surface groups. This research showed that the SiO2 should be dried at sufficiently high
temperatures (200 − 300 ◦C) to remove physisorbed water and reactive vicinal silanol groups. However,
drying at higher temperatures resulted in a loss of isolated silanol densities, which in turn decreased the
nanocomposite conductivity. Furthermore, replacing the free silanol groups with hydrophobic trimethylsilyl
ones led to a conductivity decrease as well.19 More information on the types of silanol and other surface
groups can be found in theory section 2.3.
Preparation methods other than nanoconfinement via melt infiltration have been used for enhancing ionic
conductivities in composite systems. An example is ball milling, in which two solids are thoroughly grinded
together in a planetary mill by for example tungsten carbide balls.21 Both preparation methods of nanocrys-
talline materials have in common that smaller average grain sizes are obtained. As such, large surfaces
areas are created, which increase the volume fractions of solid-solid interfacial regions.22 These solid-solid
interfacial regions are reported to have high defect densities and low diffusion barriers due to effects like
space charge regions and structural disorder or strain.17,22 These defects increase the number of mobile
charge carriers and hence the conductivity of a material. Regions with low diffusion barriers are desirable,
since they provide enhanced hopping rates and decreased energy barriers.23 By use of these concepts, Breuer
et al. [22] were for example able to increase the ionic conductivity of LiF by 2 orders of magnitude after ball
milling, and 3 orders of magnitude upon mixing with γ-Al2O3. This increase of 3 orders of magnitude is
similar to what was found after melt infiltration of LiBH4.6 Both examples demonstrate the importance of
solid-solid interface engineering for obtaining increased Li+ ionic conductivities.
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2.2 Melt infiltration

2.2 Melt infiltration

Melt infiltration is a method for synthesis of nanostructured materials. With this method, first an infiltrate
and porous material are mixed together. The porous material provides structural stability, and is referred
to in literature as a matrix, scaffold or support. Throughout this work, the term scaffold is opted, since
pore fillings higher than 100% are used, where the porous material acts as a template for the resulting
nanostructured material. In contrast, the term support is more suitable when individual nanoparticles are
supported on the pore walls of a porous material. After mixing together the infiltrate and scaffold, the
mixture is heated above the melting point of the infiltrate. The molten infiltrate will then enter the pores
of the scaffold due to capillary forces. Once cooled down, a compact solid nanostructure is formed where
the infiltrate and porous material are in close contact. Such a structure is called a nanocomposite.24 The
process of melt infiltration is shown schematically in figure 3.
Capillary forces draw the molten infiltrate inside the scaffold pores when a favourable interaction is present
between the two. Such an interaction can be characterized by the contact angle θ of a liquid droplet on the
scaffold surface, shown in figure 4A. This contact angle depends on the surface energy of the solid γsv, the
surface tension of the liquid γlv and the solid-liquid interface energy γsl, as given by Young’s equation:24

cos θ =
γsv − γsl
γlv

(1)

Where the subscripts s, l and v indicate interfaces between the solid, liquid and vapour phases, respectively.
In the case of favourable interactions and wetting, the contact angle θ < 90°. In the opposite case of non-
wetting, θ > 90°. The resulting capillary pressure ∆p, required to draw the molten infiltrate inside the
scaffold pores, depends on the scaffold pore radius as well. In the case of cylindrical pores with radius rp,
shown in figure 4B, the resulting capillary pressure is given by the Laplace equation:24

∆p =
2γlv cos θ

rp
=

2(γsv − γsl)
rp

(2)

This equation demonstrates the need for a favourable interaction between the solid scaffold and liquid
infiltrate for good melting and successful melt infiltration, as characterized by γsl. Furthermore, the surface
energy of the solid scaffold γsv is important. The values of for example SiO2 and Al2O3 scaffolds are known
from literature,25,26 as given in table 1. Since the surface energy of SiO2 is lower, it can be expected that
a favourable interaction with the infiltrate will be less likely to occur. If wetting does not occur, surface
functionalization or application of an external pressure might be used to induce capillary infiltration.24

Melt infiltration has several advantages over other preparation methods like solution impregnation and
deposition precipitation. No solvents are involved, and therefore nanostructured materials can be prepared
for compounds that would react with or are insoluble in solvents. Furthermore, high degrees of pore filling
can be achieved, up to the point where all porous volume is filled. This is ideal for electrolyte purposes,
where compact nanocomposites with more than 100% pore filling are desired so that the insulating scaffold
is fully covered by a layer of conductive electrolyte.24 Furthermore, melt infiltration ensures a high contact

T > m.p. T > m.p.

Figure 3: General principle of melt infiltration, where the infiltrate (blue) enters the porous scaffolds
(yellow) at temperatures above its melting point.
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Figure 4: (A) Schematic of a liquid droplet on a flat solid substrate. Wetting is characterized by the contact
angle θ and depends on the interfacial energies γ between the solid, liquid and vapour phases. Duplicated
from Jongh and Eggenhuisen [24].

area between the electrolyte and scaffold and a uniform distribution of infiltrate throughout the porous
network.23,24
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Figure 5: Examples of surface hydroxyl groups on silica and alumina. Alumina also contains Lewis acid
sites. Reproduced from Chorkendorff and Niemantsverdriet [36].

2.3 Scaffolds

Both the surface energy of the scaffold and the interaction between the infiltrate and the scaffold have an
effect on wetting and successful pore infiltration. Each of these two quantities is affected by the nature of
the scaffold surfaces. In general, creating a surface requires chemical bonds to be broken. To minimize the
energy cost related to this process, often water molecules are adsorbed at the surface. This results in the
formation of surface hydroxyl (–OH) groups, which are shown in figure 5 for silica and alumina. In the
case of silica, these hydroxyl groups are all weakly Brønsted acidic and have similar chemistries. In the case
of alumina however, significant differences are present between the various hydroxyl groups. Whereas the
linear hydroxyl groups have a Brønsted basic character, the bridged hydroxyl groups have a Brønsted acidic
character. The effect of the Brønsted basic groups is more pronounced, as the point of zero charge (PZC)
of alumina is typically above 7. This PZC value provides the pH at which the scaffold is overall neutrally
charged.36 A second difference between SiO2 and Al2O3 is the presence of electron withdrawing Lewis acid
and electron donating Lewis base sites on Al2O3, which are formed upon dehydration at sufficiently high
temperatures.37,38

A large variety of scaffolds were used to confine LiNH2 and LiNO3 in this work. As SiO2 scaffold, Santa
Barbara Amorphous-15 (SBA-15) was synthesized via a sol-gel precipitation route.36 As is shown in figure
6, this scaffold has highly ordered mesoporosity, containing long, cylindrical rod-like pores. Furthermore,

Surface energy Reducible? PZC OH density
(J m−2) (molecules nm−2)

SBA-15 0.2625 No 4 - 527 7.728

SBA-15-NH2 - No 8 - 927 2.628

γ-Al2O3 1.5226 No 7 - 929 11.528

γ-AlO(OH) - No 7 - 830 -
TiO2 P90 ∼ 131 Yes 5 - 632 10.228

Nb2O5 - Yes < 733 -
Nb3(PO4)5 - Yes < 733 -
MgO ∼ 134 No 12 - 1335 16.928

Table 1: Table of all scaffolds used in this work and some of their relevant properties.
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SBA-15 contains uni-dimensional pore sizes, with high specific surface areas and pore volumes. Depending
on the synthesis procedure, these properties can be tuned over a certain range.39,40 This allows one to
systematically study the effect of the structural properties of the scaffold in a certain system of interest. An
added benefit is the possibility to change its chemical properties as well, by use of surface modification. In
this project, the surface was grafted with (3-Aminopropyl)triethoxysilane molecules. In this way, the acidic
surface hydroxyl groups are replaced by basic propylamine ligands, as is shown schematically in figure 7.41–44

The resulting scaffold will be referred to as SBA-15-NH2 throughout this thesis.

Figure 6: Three-dimensional structure of mesoporous SBA-15 scaffolds, containing long, cylindrical pores
that are highly ordered in a hexagonal array. Reproduced from Wu et al. [45].

APTES

OH OH OH OH OH OH

SiO2

O O O O
Si
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Si
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SiO2

Figure 7: Schematic showing the chemical reaction that occurs with the surface hydroxyl groups of
SiO2 when grafting this compound with APTES. Three surface hydroxyl groups are involved per APTES
molecule.41

Alumina is the most widely applied scaffold in catalysis, having a higher thermal and mechanical stability
than silica. A variety of structures exists, including for example α-, γ-, η- and θ-Al2O3. Of these structures,
γ-Al2O3 is most often used in catalysis because it has the highest porosity. For this reason, it is used in this
work as well. It is commercially prepared by thermal dehydration of porous γ-AlO(OH) (boehmite), which
will be used in this work to investigate the effect of its higher abundance of surface hydroxyl groups.36

A reducible metal oxide which is commonly used in for example photocatalysis is TiO2. It is commercially
available mainly in rutile and anatase crystal structures, and in a mix between the two. An example of
such a mixture is TiO2 P90, which contains a high porosity because it is commercially prepared via a flame
hydrolysis route.46 This scaffold contains many surface hydroxyl groups, is slightly acidic, and contains Lewis
acid sites as well.28,32,46 Another acidic scaffold used in this work is porous Nb2O5, which is synthesized by
dehydration of amorphous niobic acid (Nb2O5·nH2O).47 Niobium oxide can be made even more acidic by
modification with phosphate groups, forming Nb3(PO4)5. Both scaffolds are known to possess both Brønsted
and Lewis acid sites.33 To investigate basicity, MgO is used in this work.35

An overview of these scaffolds and some of their relevant properties are given in table 1. It should be noted
that these values found in literature were not measured on the scaffolds used in this work, and might therefore
deviate depending on for example the supplier, drying temperature, and synthesis procedure.
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2.3 Scaffolds

The surface energies are important for successful melt infiltrations and wetting, as described previously. Most
metal oxide scaffolds have surface energies roughly between 0.2− 2 J m−2.36 As such, SiO2 has a relatively
low surface energy, whereas Al2O3 has a relatively high surface energy. Reducibility indicates whether a
the scaffold can be reduced by a reducing agent like LiNH2. If this happens, the scaffold will become a
semiconducting material with electronic conductivity, which is undesired for solid electrolyte applications.
The point of zero charge (PZC) of a scaffold indicates whether it is mainly acidic (PZC < 7) or basic (PZC
> 7) in nature. Lastly, the OH density provides an indication on the density of surface groups present on
the scaffold surfaces. These values were reported by Tamura et al. [28] for SiO2, Al2O3, TiO2 and MgO. It
is assumed that the amount of surface groups on SBA-15-NH2 is one third of that for SBA-15, since three
hydroxyl groups are replaced by one APTES molecule in the case of a complete grafting reaction. Although
this value is denoted OH density, it is important to note that the chemical nature of the aminopropyl surface
groups in the case of SBA-15-NH2 is different from hydroxyl groups.
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2.4 Characterization techniques

In this work, many techniques were employed for characterization of the as-synthesized electrolytes. This
section will describe each of these techniques and their theoretical backgrounds. For practical information
on these techniques, the reader is referred to section 3.4.

2.4.1 Electrochemical Impedance Spectroscopy (EIS)

For characterization of electrochemical systems and especially for electrolytes, an important characteristic
is the conductivity σ. This conductivity is related to the resistance R of a material according to:

σ =
d

AR
(3)

in which d represents the distance between the two electrodes and A the surface area of the sample under
investigation.

Direct potential

One way to measure this resistance is by application of a direct potential U and measurement of the current
I that starts to flow. The resistance will then be given by Ohm’s law:

R = U/I (4)

This approach however is only valid in the case of an ideal resistor. In practice, upon application of a direct
potential, immediately ions present in the electrolyte will start to move towards the oppositely charged
electrodes. As a result, the electrode potential will be partially screened and the current will rapidly decrease.
The applied voltage then no longer resides in the electrolyte bulk, but in the formed electric double layers at
the electrode/electrolyte interfaces. In this case, the electrolyte is no longer described as an ideal resistor, but
as an ideal resistor (bulk electrolyte) connected in series with two capacitors (charged electrode/electrolyte
interfaces).48–50

Alternating potential

In practice, systems exhibit more complex behaviour than an ideal resistor, and Ohm’s law does not apply.
The resistance of a system can be determined with much higher sensitivity and accuracy if measurements
are performed in the frequency domain instead of the time domain. This involves application of an alter-
nating potential U(t) and measurement of the resulting alternating current I(t). Instead of the real-valued
resistance R, a complex-valued impedance Z is measured. This method is called electrochemical impedance
spectroscopy (EIS).48–52

An important benefit of this approach is that the applied signal can be varied over a wide range of frequencies,
allowing for the possibility to measure and separate resistive and capacitive effects that occur on different
time scales. The alternating potential U(t) that is applied generally has a small amplitude. Another benefit is
that this keeps the system in its (quasi-)equilibrium state and allows measurements to be performed without
large disturbances to the system under investigation, allowing undesired effects like electrode polarization
and electrochemical reactions to be minimized.49,52

To understand how the electrolyte conductivity can be obtained from EIS, some formulae are required. The
applied alternating potential can be expressed in terms of its amplitude U0 and its frequency ω, as given in
equation 5:

U(t) = U0 cos(ωt) (5)

The measured alternating current generally contains some phase delay φ with respect to the applied alter-
nating potential and can be expressed in terms of its amplitude I0 and frequency ω as well. This is shown
in equation 6:49,50

I(t) = I0 cos(ωt− φ) (6)
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(A) (B)

Figure 8: Impedance spectra of a resistor of 1000 Ω, connected in parallel to a capacitor of 1 µF.(A) A
Nyquist plot, showing the negative imaginary component of the complex impedance as a function of the
positive real one. The resistance follows from the intercept with real axis at low ω. B) Bode plot, showing
the real and imaginary components of the complex impedance as a function of frequency ω. Duplicated from
Erné [50].

The electrical impedance is given by the ratio between the alternating potential and alternating current:49

Z(t) = U(t)/I(t) =
U0 cos(ωt)

I0 cos(ωt− φ)
(7)

Two limiting cases can be distinguished. The first one is where φ = 0. In this case, the alternating current
and potential are in phase and the impedance is equal to the real-valued resistance: Z = R. This is equivalent
to the case of an ideal resistor, as given by Ohm’s law in equation 4.49,50 In the other limiting case, φ = π/2
and the alternating current is out of phase with the applied alternating potential. The system then behaves
as an ideal capacitor with a characteristic capacitance C. For a capacitor, it is the change in potential which
causes a current to flow:49,50

I = C
dU

dt
(8)

The complex-valued impedance of a capacitor is given by equation 9:49,50

Z =
1

iωC
(9)

With ω the frequency of the alternating current, C the capacitance of the capacitor and i2 = −1. In typical
EIS measurements, the real system is fitted with an equivalent electrical circuit analog. In a simple case, the
sample is assumed to consist of a resistor and a capacitor, connected in parallel, as shown in figure 9A.6,48,49

This gives an expression for the impedance, formulated in a real and an imaginary part, as given by equation
10:49,50

Z =
1

1
R + iωC

=
R

1 + (ωRC)2
− i ωR2C

1 + (ωRC)2
= Re(Z) + Im(Z) (10)

A common way to visualize these results is by a so-called Nyquist plot, in which the negative of the imaginary
part of the impedance is plotted versus the real one. For a system that can be modelled as the equivalent
circuit in figure 9A, this results in a semicircle. An example of such a Nyquist-plot is shown in figure 8A.
The intercept with the x-axis at low ω (high ZRe) in this ideal case gives the resistance, from which the
conductivity σ can be calculated via equation 3.49,50
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Figure 9: Three different equivalent circuit analogues and their corresponding Nyquist plots. (A) Simplest
case of a resistor and capacitor connected in parallel. (B) An additional resistance is present in the electro-
chemical system. (C) Electrode polarization occurs at low frequencies, causing a straight line in the Nyquist
plot. Reproduced from Pyun et al. [49].

Furthermore, the maximum of the Nyquist plot provides the capacitance C and characteristic frequency ω
of a system via equation 11:49,50

ω =
1

RC
(11)

The value for ω yields information on for example the characteristic time scales at which conduction or ionic
diffusion through the material takes place.49 A drawback of the Nyquist plot is however that is does not
specifically show the frequency corresponding to a certain impedance value. For this purpose, sometimes the
Bode plot is used, as shown in figure 8B.48,50

Deviations from this ideal behaviour might occur, yielding Nyquist plots that do not show a perfect semicircle.
An example is the presence of an additional resistance in the electrochemical system, which causes the
semicircle to be displaced to higher real impedance values, as shown in figure 9B. Another example is
electrode polarization, which causes the occurrence of a straight line at low ω values. This is shown in figure
9C. A proper choice for an equivalent circuit analog is therefore important, depending on the system of
interest.49,51

Activation energy

Analysis of the Nyquist plots and corresponding equivalent circuit analogues yield the electrolyte resistance
and conductivity via equation 3. In a typical analysis, these conductivities are measured in a certain
temperature range where Arrhenius behaviour can be observed, as described by equation 12:

σ = σ0e
−EA/kBT (12)

By visualizing the logarithmic conductivities as a function of reciprocal temperature in an Arrhenius plot,
the activation energy related to the main conduction mechanism in the electrolyte is obtained from the slope
of the graph. In the case of Li+ ionic conduction in solid electrolytes, this activation energy corresponds
to Li+ ions hopping between crystal lattice sites. The lower the activation energy, the more facile Li+ ions
can diffuse though the electrolyte. The height of the conductivities in the Arrhenius plot is related to the
number of mobile charge carriers.6

2.4.2 Differential Scanning Calorimetry (DSC)

Differential Scanning Calorimetry (DSC) is a thermo-analytical technique, which can be used to measure the
calorimetric properties of materials. By using DSC, information be gained on any endothermic or exothermic
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Figure 10: (A) Adsorption of pyridine can occur on both Lewis acid sites (coordination) and Brønsted acid
sites. Depending on BAS strength, neutral hydrogen bonding or ionic bonding and protonation may occur.
(B) Adsorption of pyridine onto an acid site influences the ν8a and ν19b aromatic ring vibrations, causing
them to be visible at given wave numbers in an FT-IR spectrum. Image adapted from Velthoen et al. [55].

events in a material. In a typical measurement, the heat flow in and out of a sample are measured with
respect to a reference sample. The temperature of the sample and reference sample are increased during
a measurement, and the difference in heat required to increase their temperatures by the same amount
are measured as a function of time or temperature. In this way, DSC can provide both qualitative and
quantitative information on the calorimetric properties of a material.53

Firstly, endothermic and exothermic phase transitions in the material like melting and recrystallization can
be monitored. When such a phase transition occurs, either more or less heat is required to maintain the
sample at the same temperature as the reference, respectively. This allows for qualitative analysis, namely
at which temperature the phase transition occurs. This is relevant for nanoconfinement, since nanoconfined
materials exhibit phase transitions at lower temperatures than their bulk counterparts.6,54

Secondly, the stability of a compound during heat treatment can be checked. If the compound is stable, no
significant differences should be visible upon comparing the results of several heating cycles.
Quantitative analysis of DSC data is possible as well. By integration of the peak area corresponding to a
certain phase transition, and the known mass of a sample, the specific enthalpy of that phase transition can
be calculated. In the case of melting and crystallization, these are referred to as the enthalpies of fusion and
solidification, respectively. After measuring the bulk enthalpy of fusion, this value can be used to calculate
the amount of compound present in other samples as well. This is important for nano-confined samples,
where the specific melting enthalpy can be used to quantify the amount of extraporous material present.
The amount of intraporous material follows from subtraction of the amount of extraporous material from
the total amount of material added (mintraporous = madded −mextraporous).

54

2.4.3 Pyridine FT-IR

The presence of acid sites on a metal oxide scaffold surface often plays an important role in catalysis. In
this work, the interaction of lithium salts with the scaffold surface is of interest, which might be affected by
the presence of acid sites as well. To characterize the nature and abundance of these acid sites, FT-IR spec-
troscopy is widely employed in combination with basic probe molecules. For this purpose, pyridine is most
often used. The nitrogen lone pair on pyridine makes this molecule a relatively strong base (pKb = 5.25),56

allowing it to adsorb on acid sites as shown in figure 10A. In the case of weak and strong Brønsted acid sites
(BAS), hydrogen bonding (neutral) or ionic bonding (protonation) may occur, respectively. Furthermore,
coordination to Lewis acid sites (LAS) is possible.55,56

Adsorption of pyridine on these different acid sites causes characteristic shifts of its vibrational modes. The
infrared absorption spectrum of pyridine can roughly be divided into two parts. The first is related to
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ν(CH) modes of the aromatic ring, causing vibrations in the 2700 − 3100 cm−1 spectral region. Although
literature suggests that this spectral region is more well-suited in distinguishing hydrogen bonded from
weakly coordinated species, in this master thesis we will focus mainly on the other spectral region between
1400− 1700 cm−1.56

In the range of 1400− 1700 cm−1, aromatic ring vibrations can be studied. Four modes occur in this region,
of which the ν8a and ν19b are of particular interest, shown in figure 10B. They provide information on the
nature of the adsorption interaction, without overlapping with other vibrational modes. Once a pyridine
molecule is protonated by a Brønsted acid site, its ν19b vibration will shift to 1545 cm−1. However, when
the pyridine molecule is coordinated to a Lewis acid site, the ν19b vibration will be present at around 1455
cm−1. The position of this peak is relatively insensitive to the nature of the acid site. Coordination to a
Lewis acid site is also characterized by a band related to the ν8b vibration. This band occurs between about
1600− 1628 cm−1, with larger wave numbers corresponding to stronger Lewis acid sites.56,57

Beside qualitative information, Pyridine FT-IR may provide quantitative information on the amount of
Brønsted and Lewis acid sites present. This can be done by integration of the infrared absorption bands
related to the ν19b aromatic ring vibrations, being at 1545 cm−1 for BAS and around 1455 cm−1 for LAS.
Thereafter, Lambert-Beer’s law as given in equation 13 can be applied, assuming one adsorbed pyridine
molecule per acid site:55,58

C =
A

ρA0
(13)

Here, C equals the concentration of BAS or LAS on the scaffold surface (mmol g−1). A represents the
integrated absorbance, which can be determined through band integration of the absorbance peak. A0

represents the apparent integral absorption coefficient (cm µmol−1). Emeis [58] has determined its values to
be 1.67 (at 1545 cm−1) and 2.22 (at 1455 cm−1) for pyridine adsorbed on Brønsted and Lewis acid sites,
respectively. The effective cross-section ρ (mg cm−2) can be calculated using the mass (mg) and area (cm2)
of the self-supporting wafer of sample used in the experiment.55

2.4.4 NH3-Temperature Programmed Desorption (NH3-TPD)

A second basic probe molecule for the characterization of acid sites on scaffold surfaces is NH3. It is a very
strong base, and therefore adsorbs strongly on a scaffold surface. This makes it less specific than for example
pyridine. Furthermore, it is impossible to distinguish between Brønsted and Lewis acidity using NH3. An
advantage of using NH3 however, is that it is especially well-suited for probing microporous channels, which
are too small for the larger pyridine molecule to enter but are accessible for NH3.59

Upon performing temperature programmed desorption measurements, an indication on the acid site strength
is given by the temperature at which NH3 desorbs. Although in an ideal case only one peak is present in a
TPD-profile, often NH3 can bind in more than one state to the surface, causing overlapping peaks that need
to be deconvoluted.60

Quantitative information can be gained on the amount of acid sites present by looking at the NH3 desorption
as a function of time. Whereas pyridine generally provides an underestimation of the total amount of acid
sites, because it cannot access or does not bind strong enough to some acid sites, NH3-TPD generally gives
an overestimation of the total amount of acid sites. This can be due to its strong and non-specific binding,
but also effects like re-adsorption and diffusion in the porous framework play an important role.10,59–61
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This section will describe the experimental details and procedures of this work. First, all chemicals which
were used are listed. Secondly, the preparation of scaffolds is elaborated on. Thereafter, the experimental
procedures for melt infiltrations are given. Lastly, the practical aspects of all techniques in this work are
given.

3.1 Chemicals

All chemicals were purchased from their supplier and used without further purification. They were stored
and handled in a glovebox with inert Ar atmosphere (typical impurity levels of O2 ≤ 0.1 ppm, H2O ≤ 0.1
ppm).
γ-Al2O3 (Puralox SCCa-5/200, 98%) and boehmite (Catapal B alumina, γ-AlO(OH), 72%) were obtained
from Sasol, SiO2 (Aerosil380, ≥ 99.8% SiO2 content) and TiO2 (Aeroxide P90, ≥ 99.5%) from Evonik, MgO
(≥ 95%) and CaO (99.9%) nanopowders from Strem chemicals, and niobium oxide hydrate (Nb2O5 ·nH2O,
HY-340, AD/4465) and niobium phosphate (Nb3(PO4)5, AD-210) from CBMM (Companhia Brasileira de
Metalurgia e Mineração). Toluene (99.85%, extra dry over molecular sieve, AcroSeal) and KBr (≥ 99%,
for spectroscopy, IR grade) were purchased from Acros Organics, HCl (37 wt%, fuming) from Merck, and
diethyl ether (99.5+%) from Chem-Lab NV.
All other compounds were purchased from Sigma-Aldrich, including poly(ethylene oxide)-block-poly(propylene
oxide)-block-poly-(ethylene oxide) triblock copolymer (EO20PO70EO20, Pluronic P-123, average Mn ∼ 5800
Da), tetraethyl orthosilicate (TEOS, >99%), hexadecyl trimethyl ammonium bromide (CTAB, ≥ 96%),
tetramethyl ammonium hydroxide (TMAOH, 25 wt% in H2O), aminopropyl triethoxysilane (APTES, 99%),
LiNO3 (99.99%, trace metals basis), LiNH2 (95%), NaNH2 (98%), metallic Li ribbons (thickness 0.38 mm,
width 23 mm, 99.9%, trace metals basis), LiIO3 (97%), and anhydrous pyridine (99%, Sigma-Aldrich).

3.2 Scaffold synthesis

As ordered mesoporous silica scaffold, SBA-15 was synthesized. Furthermore, surface functionalization was
applied to this scaffold as well. The synthesis procedures, as well as the drying procedures for other scaffolds
are described in the following sections.

3.2.1 Synthesis of SBA-15

Synthesis of SBA-15 was based upon the procedure described by Lee et al. [40]. First, 23.58 g Pluronic
P-123, 607.97 g deionized water and 146.60 g HCl were brought into a 1 L polypropylene bottle (cylindrical,
height 19.7 cm, diameter 10.5 cm). The mixture was heated to 55 ◦C in an oil bath under vigorous stirring
for 4 hours. Stirring was increased to 600 rpm, then 50.07 g TEOS was added. Heating and stirring were
continued for 2 more minutes of hydrolysis time. Condensation was continued by heating the mixture to
55 ◦C for 24 hours in an oven, after which it was heated to 90 ◦C for another 24 hours. The SBA-15 was
washed and filtered with deionized water. This was continued until the filtrate was at a pH of 5. The residue
was brought into a mortar and dried at 60 ◦C for 3 days. A calcination step followed, in which the solid
was heated (heating ramp of 1 ◦C/min) and kept at 550 ◦C for 6 hours in static air. A drying step followed
before bringing the product into inert Ar atmosphere, by heating the product to 120 ◦C under vacuum (1
mbar) and magnetic stirring for 24 hours.

3.2.2 Grafting SBA-15 with APTES

SBA-15 was functionalized by grafting with APTES according to the procedure as described by Masoud et al.
[41], in a similar manner as the procedures of Liu et al. [44], Chi, Lin, and Mou [42] and Mungúıa-Cortés
et al. [43]. For this synthesis, 1.5 g dry SBA-15 was brought into a 100 mL round-bottomed flask and put
under N2 pressure, after which 50 mL dry toluene and 1.31 g APTES were added. The amount of APTES
needed was calculated based on the BET surface area of the SBA-15, assuming 3 OH groups per nm2.41

The mixture was refluxed at 110 ◦C for 24 hours under vigorous stirring (750 rpm). After cooling down, the
functionalized SBA-15 was filtered and washed with 80 mL toluene and 60 mL diethyl ether. The product
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was dried for 24 hours under vacuum and magnetic stirring before storage under inert Ar atmosphere. The
as-obtained aminopropyl-funtionalized SBA-15 will be denoted SBA-15-NH2 throughout this thesis.

3.2.3 Preparation of other scaffolds

All scaffolds were dried before storage and use. γ-Al2O3 and γ-AlO(OH) were dried by heating (5 ◦C/min)
the materials under a N2 flow of 50 mL/min to 300 ◦C, and staying at this temperature for 4 hours. TiO2

P90 was dried at 120 ◦C under vacuum (1 mbar) and magnetic stirring for 20 hours. Nb2O5 ·nH2O and
Nb3(PO4)5 were dried by heating the materials in 2 hours time (much water evaporated) to 200 ◦C under
magnetic stirring and vacuum (1 mbar), and remaining at this temperature for 22 hours.

3.3 Melt infiltrations

Melt infiltrations were carried out using both LiNO3 and LiNH2. Before melting, the lithium salts and
scaffolds were mixed thoroughly using a mortar and pestle to ensure close proximity. Added amounts were
based on the desired degrees of pore filling, which were calculated using the pore volume of the scaffolds as
determined by N2 physisorption and the density of the lithium salts, being 2.38 g/cm3 for LiNO3 and 1.18
g/cm3 for LiNH2.

3.3.1 Melt infiltrations with LiNO3

Melt infiltrations of LiNO3 were carried out by heating the mixture in stainless steel or glass containers,
which were placed in a Parr stainless steel autoclave with Teflon O-ring, equipped with pressure indicator.
This autoclave is shown figure 11. Reaction conditions involved heating the sample to 275 ◦C (20 ◦C above
melting point LiNO3) with a ramp of 150 ◦C/h and maintaining this temperature for 30 minutes under 30
bar Ar pressure.

3.3.2 Melt infiltrations with LiNH2

Due to the presence of the Teflon O-ring, which melts at temperatures above 300 ◦C, the aforementioned
autoclaves were not suited for melt infiltrations of LiNH2, which required temperatures above 390 ◦C.
Therefore, melt infiltrations of LiNH2 were carried out by heating the mixtures in ceramic reactors that were
placed in tightly closed stainless steel reactors. A photograph of these reactors is shown in figure 12.
To prevent decomposition of LiNH2, NH3 pressure is required. This was generated in-situ by the thermal
decomposition of NaNH2.62 For this purpose, a 1:1 wt% mixture of NaNH2 and SiO2 was placed at the

Figure 11: Picture of an autoclave, equipped
with a pressure indicator, as used for
LiNO3 melt infiltrations. Image taken from
https://www.parrinst.com/.

Figure 12: Photograph of reactor components
used for carrying out melt infiltrations with
LiNH2, showing a white ceramic container, grey
graphite foil and stainless steel reactors.
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3.4 Characterization techniques

Figure 13: Schematic overview of a symmetrical pellet, as used for EIS measurements. The pellet is pressed
between two stainless steel dies using 2 tonnes of force. Both sides of the dies are covered with Li foil to
ensure good electrical contact.

bottom of the reactors, covered by a circle of graphite foil. SiO2 was added to hinder the formation of
volatile Na, which would contaminate the LiNH2 samples, by reaction of Na and SiO2 to form sodium
silicates.63 Heat treatment involved heating the sample to 410 ◦C (20 ◦C above melting point LiNH2) with
a ramp of 150 ◦C/h and maintaining this temperature for 30 minutes. After reaction, samples were crushed
using a mortar and pestle.

3.4 Characterization techniques

3.4.1 Electrochemical Impedance Spectroscopy (EIS)

Before use, traces of metal oxide were removed from metallic lithium foil by scraping the surface. Circles
(�12mm) were cut out and placed on hardened steel pellet dies (�13mm). In between two dies, about
80 to 150 mg or 150 to 250 mg of, respectively, LiNH2 or LiNO3 containing sample was placed. Metallic
lithium foil ends faced towards the sample, ensuring good electrical contact. The samples were pressed into
a pellet using 2 tonnes of force (pressure of 1.5 ∗ 103 bar). Typical values for pellet thickness involved 0.5 to
1 mm. Void fractions of the pellets were estimated based on the dimensions and weight of the pellets and
bulk densities of the materials. For pure LiNH2 and LiNO3, void fractions of 14% and 16% were obtained,
whereas for their nanocomposites void fractions between 30% - 50% were calculated.
The as-obtained pellets were put in a measurement cell with metallic copper contacts, again with lithium
foil at the interfaces to ensure good electrical contact. This measurement cell was built in-house, based on
a design of Danmarks Tekniske Universitet. A schematic of the as-prepared symmetrical pellet is shown in
figure 13.
Measurements were performed using a Princeton Applied Research PARSTAT 2273 potentiostat, with ap-
plied frequencies ranging from 1 - 106 Hz in 120 logarithmically displaced steps. A thermocouple was
located in between the two measurement cells to allow temperature-dependent measurements, with an ICP
DAS I-7018P analog input module to handle communication between the thermocouple and computer. The
measurement cell itself was located in a Büchi Glass Oven B-585 Drying, which was modified to allow use
with a Watlow EZ-Zone PM PID temperature controller. Each sample was first heated at 5 ◦C/min to
130 ◦C, with measurements carried out every 10 ◦C once the temperature had stabilized. After heating,
the sample was cooled down and measurements were taken every 20 ◦C, again once the temperature had
stabilized. No deviations between conductivity data during heating and cooling were observed in the results
presented in this thesis.
The results were fitted using an equivalent circuit consisting of a resistance and constant phase element
connected in parallel. The results were visualized as Nyquist plots in Matlab. The intersection of the fitted
semicircles with the real axis was assumed to provide the pellet resistance R only. This value was converted
into a value for conductivity (σ) according to equation 14:

σ =
d

AR
(14)
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where d equals the pellet thickness as determined with a calliper and A equals the pellet cross-section of
1.33 cm2.

3.4.2 Differential Scanning Calorimetry (DSC)

Differential Scanning Calorimety (DSC) measurements were performed on a high pressure HP DSC1 Mul-
tiSTAR apparatus from Mettler Toledo, equipped with an FRS5 sensor. About 5 - 10 mg of sample was
placed in hermetically sealed aluminum pans of 40 µL. Calibrations were performed using certified In and
Zn samples. An Ar pressure of 2 bar and an Ar flow of 10 mL/min were used for all measurements. LiNO3

samples were measured from 30 - 300 ◦C and LiNH2 samples were measured from 30 - 410 ◦C, with heating
and cooling rates of 5 ◦C/min and three heating and cooling cycles in total. The pure LiNO3 and LiNH2

samples were used as a reference for measuring the bulk enthalpies of the melting transitions in the solids.
The thermograms were analysed using STARe software.

3.4.3 X-Ray Diffraction (XRD)

Samples for XRD measurements were prepared by placing a layer of powder on a Bruker airtight specimen
holder. After closing the holder tightly, the sample was transferred to the diffractometer. Measurements
were performed at room temperature using a Bruker AXS Advance D8 diffractometer, equipped with Co
Kα radiation (λ = 1.78897 �A). It was operated at 30 kV and 40 mA. XRD patterns were collected from 2θ
= 15-90°, using a step size of 2θ = 0.033° and scan speed of 2.0 s.

3.4.4 N2 physisorption

For N2 physisorption measurements, samples were prepared in an airtight physisorption tube. Measurements
were carried out at -196 ◦C on a Micromeritics TriStar II Plus Surface Area and Porosity Analyzer. The
desorption branch of the physisorption isotherms was used to determine the Barrett, Joyner and Halenda
(BJH) pore size distributions of the scaffolds. Total pore volume was assessed by the single point adsorption
at p/p°= 0.995, whereas the t-plot micropore volume was calculated using a Harkins-Jura reference isotherm.
Surface areas were calculated using the Brunauer-Emmett-Teller (BET) method.

3.4.5 Diffuse Reflectance Infrared Fourier Transform Spectroscopy (DRIFTS)

A few mg of sample was brought into a 40 µL aluminum pan and placed inside a home-made Harrick Praying
Mantis airtight sample holder. Thereafter, DRIFTS measurements were performed at room temperature on
a PerkinElmer Frontier FT-IR spectrometer with MCT detector. KBr background spectra were acquired
before measuring any samples and subtracted from the sample spectra. Each spectrum was taken from 4500
to 400 cm−1 with a resolution of 4 cm−1 averaging over 16 scans.

3.4.6 Pyridine FT-IR

Sample preparation for pyridine FT-IR measurements involved pressing 4− 16 mg, the pressure and weight
depending on the sample, into a self-supporting wafer (�7mm). This wafer was placed in a measurement
cell, which allowed switching between high vacuum (10−5 bar) and pyridine vapour. FT-IR measurements
were carried out in transmission mode on a PerkinElmer 2000 instrument with a DTGS detector. Each
spectrum was taken from 4500 - 400 cm−1 with a resolution of 4 cm−1 averaging over 32 scans.
At room temperature, pyridine vapour (22-23 mbar) was dosed to the sample for at least 30 minutes until
saturation. Subsequent vacuum desorption for 30 minutes ensured the removal of any physisorbed pyridine.
A temperature programmed desorption followed, by heating the sample to 150 ◦C with a heating rate
of 2.5 ◦C/min, then staying at this temperature for 30 minutes and finally heating the sample from 150
◦C to 550 ◦C with a heating rate of 10 ◦C/min. Spectra were taken every 50 ◦C to follow the thermal
pyridine desorption. Additionally, a spectrum was taken after 30 minutes at 150 ◦C, which was used for
quantitative analysis. Band integration of the absorbance peaks was performed using the Spectrum program
of PerkinElmer. Assuming one adsorbed pyridine molecule per acid site, these values yielded the number of
acid sites through equation 15, as mentioned before in theory section 2.4.3.
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CLAS =
A

ρA0
(15)

3.4.7 NH3-Temperature Programmed Desorption (NH3-TPD)

About 0.08 - 0.1 g of sample was prepared for NH3-TPD measurements in a glass tube, covered on both
sides with quartz wool. During transfer to the apparatus, brief exposure to air occurred. Measurements
were carried out on a Micromeritics ASAP2920 apparatus equipped with a thermal conductivity detector
(TCD), which had been calibrated for the intensity of ammonia using ammonia gas in a sample loop. The
sample was first dried in-situ by heating the sample with a ramp of 10 ◦C/min to 200 ◦C under He flow of
50 cm3 STP/min and remaining at that temperature for 10 minutes. The sample was then cooled to 100 ◦C.
At this temperature, fifteen NH3 pulses were dosed of 25 cm3 STP/min to saturate the sample with NH3.
Subsequently, 60 minutes waiting time ensured the removal of any physisorbed NH3. Thereafter, thermal
NH3 desorption was induced by heating the sample to 600 ◦C with a heating rate of 10 ◦C/min.
Quantification of the amount of acid sites was done by analysis in the Origin9.1 program and involved
baseline subtraction and fitting the measured TCD concentrations versus time with two Gaussian peaks. One
adsorbed NH3 molecule per acid site was assumed. The measured TCD concentrations versus temperature
were fitted in the same way to obtain information on acid site strengths.
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4 Results and discussion: LiNO3 nanocomposites

In this master thesis, the effect of nanoconfinement on the conductivity of two different lithium salts was
tested: LiNO3 and LiNH2. In this chapter, the results obtained for the LiNO3 compounds will be discussed.

4.1 Heat treatment of LiNO3

Melt infiltration requires thermal stability of the infiltrate. To verify whether LiNO3 is stable during heating,
DSC was employed, followed by characterization of the heated product with DRIFTS and XRD. Further-
more, EIS measurements were performed to investigate the effect of melting and recrystallization on the
conductivity of LiNO3.

4.1.1 Stability of LiNO3 under heat treatment

To investigate whether LiNO3 is stable at temperatures up to 300 ◦C, DSC was employed. The results for
pure LiNO3 are shown in figure 14A. Up to 250 ◦C, the heating graphs represent a straight horizontal line,
indicating that a constant amount of heat is required to increase the temperature of LiNO3 by the same
amount. Starting at around 251 ◦C however, a peak is observed that can be related to melting of LiNO3.
The onset temperatures are tabulated in table 2, and are in agreement with values found in literature for
non-hydrated LiNO3.64

DSC results of pure LiNO3
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Figure 14: (A) DSC results for pure LiNO3. The x-axis shows the temperature in ◦C in the relevant range,
the y-axis shows the total heat flow normalized by the weight of LiNO3 present in the sample (W g−1). The
three bottom and top graphs indicate heating and cooling, respectively. Inside to outside (light to dark)
indicate three subsequent heating and cooling cycles, offset by 0 W/gLiNO3, 2.5 W/gLiNO3 and 5 W/gLiNO3

for clarity. (B) Characterization of LiNO3 before and after heat treatment as performed with DRIFTS,
showing two identical spectra.

Cycle Onset (◦C) Enthalpy (J g−1)

1 251.9 -383.8
2 251.4 -390.8
3 251.3 -386.7

Table 2: Tabulated results from DSC measurements on melting of pure LiNO3
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Figure 15: (A) Structural characterization of LiNO3 before and after heat treatment as performed with
XRD. (B) Results of EIS measurements on LiNO3 before and after heating.

The cooling graphs show opposite results, each with a positive peak corresponding to the exothermic re-
crystallization of LiNO3. The temperatures at which these phase transitions occur are lower than the ones
obtained for melting of LiNO3. The cause for this delay is not thermodynamic but kinetic in origin, because
recrystallization first requires the (delayed) formation of critical nuclei. A heating rate smaller than the
5 ◦C min−1 used might have allowed for longer equilibration times, and thereby decrease the temperature
difference that is visible here.
By integration of the peak area corresponding to an exo- or endothermic event, quantitative information can
be gained. For this purpose, using the melting peak areas is more suitable, since these are not kinetically
hindered. Integration of the three melting peaks yielded enthalpies as shown in table 2. These values are all
three very similar, indicating that the total amount of material remains constant over all three cycles and
the compound is stable under these conditions. The average enthalpy equals −387 J g−1 or −26.7 kJ mol−1,
which is in accordance with values found in literature.65

4.1.2 Characterization of heated LiNO3

To corroborate the thermal stability of LiNO3 found with DSC, the compound was characterized with both
DRIFTS and XRD before and after heat treatment. The results are shown in figure 14B and 15A.
The DRIFTS spectra in figure 14B show vibration energies corresponding to stretching and bending of
the three N–O bonds in the LiNO3 molecule. No clear differences are present between the two spectra,
indicating that the chemical bonds present in LiNO3 do not change upon heat treatment, and the compound
is thermally stable.
Figure 15A shows the XRD patterns of LiNO3 before and after heat treatment. In these two diffraction
patterns, peaks are visible at equal diffraction angles, in accordance with the reference pattern of Wu,
Fronczek, and Butler [66]. However, the relative peak intensities for LiNO3 before and after heating are
different, with the heated LiNO3 sample showing a higher intensity at 2θ = 41° (hkl = 006) as compared
to the other diffraction peaks. An explanation for this could be preferred orientation, in which the LiNO3

crystals orient parallel with respect to each other. This effect distorts the relative peak intensities as compared
to a random randomly oriented diffraction pattern.
Despite the differing intensities, the two peak patterns at equal diffraction angles indicate that the crystal-
lographic structure of LiNO3 is not affected by heating. Therefore, no chemical reaction has taken place.
From DSC, DRIFTS and XRD we can therefore conclude that LiNO3 is thermally stable.

31



4 Results and discussion: LiNO3 nanocomposites

4.1.3 Effect of heat treatment on conductivity LiNO3

To investigate the effect of heat treatment on the conductivity of LiNO3, EIS measurements were performed.
The results are shown in figure 15B, in which the conductivity of the material is shown as function of
reciprocal temperature. In this way, the slope of the graph represents the activation energy for hopping
of the mobile species through the material. Practical considerations like pellet thickness and apparatus
sensitivity make it impossible to determine conductivities below 10−9 S cm−1.
Figure 15B shows that the conductivity of LiNO3 is improved over this temperature range after heat treat-
ment. On the other hand, the activation energy increases as well. Because the slope of LiNO3 before heating
is much lower, extrapolation of these data to room temperature shows that its conductivity is actually higher
at room temperature (4.8 · 10−13 instead of 1.3 · 10−14). However, these measurement points were taken in a
low sensitivity region with much noise. Therefore, the determinations of activation energy and conductivity
at room temperature are not accurate.
Nevertheless, it is striking that conductivity differences between LiNO3 before and after heat treatment can
be observed, since DSC, DRIFTS and XRD gave no indication on any significant chemical changes upon
heat treatment. The only change was visible in the XRD patterns, where a preferred orientation in the hkl =
006 direction was observed. Perhaps the orientation of LiNO3 crystals have an effect on their conductivity.
On the other hand, melting and recrystallization of the material might also induce other structural changes
which are not probed with these techniques. Perhaps the amount of defects or grain boundaries is affected,
thereby affecting the amount of mobile charge carriers.23 Performing quantitative XRD and more extensive
analyses might provide more insight into this phenomenon.
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4.2 Characterization of scaffolds used for LiNO3 melt infiltrations

The scaffolds used for melt infiltrations with LiNO3 were characterized using N2-physisorption for their
porous properties, and with pyridine-FTIR and NH3-TPD to investigate the presence of acid sites on their
surfaces. The results will be described in this section.

4.2.1 Porosity

The porous properties of the scaffolds used for melt infiltrations with LiNO3 were characterized using N2-
physisorption. The resulting isotherms are shown in figure 16A, where the single point adsorption at p/p° =
0.995 gives the total pore volume of each scaffold. From this, it is clear that SBA-15 has the highest pore
volume, followed by γ-Al2O3 and TiO2 P90, which have similar pore volumes. Thereafter, Nb3(PO4)5 and
then Nb2O5 have the lowest pore volumes. The exact values, together with the BET surface areas and
average pore diameters are provided in table 3.
Pore diameters of the scaffolds are given by the BJH pore size distributions, which are shown in figure 16B.
It is clear that TiO2 P90 contains the largest pores (> 20nm), with a large pore size distribution. All other
scaffolds have smaller pores (< 20nm), in increasing order Nb2O5, Nb3(PO4)5, SBA-15 and γ-Al2O3. A
small pore size distribution is observed for SBA-15, which was expected due to its ordered mesoporosity.
These pore size distributions were estimated with a Gaussian fit, providing the mean and standard deviation
values shown in table 3.
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Figure 16: In (A), physisorption isotherms are shown for all scaffolds used for LiNO3 melt infiltrations.
Their BJH pore size distributions are shown in (B), with the values for SBA-15 divided by a factor 2 for
clarity.

Scaffold Pore diameter (nm) BET surface area (m2 g−1) Pore volume (cm3 g−1)

SBA-15 6.7 ± 0.3 787 1.14
γ-Al2O3 11.1 ± 2.8 172 0.45
TiO2 P90 60.8 ± 32.4 87 0.47
Nb3(PO4)5 4.1 255 0.26
Nb2O5 3.6 ± 1.2 143 0.12

Table 3: Tabuled physisorption data on various scaffolds used for LiNO3 melt infiltrations
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Scaffold PZC Pyridine FT-IR NH3-TPD
BAS (µmol/g) LAS (µmol/g) BAS+LAS (µmol/g) T1 (◦C) T2 (◦C)

SBA-15 4 - 527 - - 86 330± 23 435± 74
γ-Al2O3 7 - 929 - 49 624 174± 23 350± 86
TiO2 (P90) 5 - 632 - 120 644 196± 46 436± 77
Nb3(PO4)5 < 733 126 99 1820 213± 52 341± 61
Nb2O5 < 733 55 108 729 180± 31 308± 73

Table 4: Quantitative results for amounts of Brønsted and Lewis acid sites (BAS and LAS) on various
scaffold surfaces as determined with pyridine FT-IR and NH3-TPD, together with mean desorption temper-
atures and their standard deviations as obtained from NH3-TPD. Furthermore, scaffold PZC values from
literature are listed to provide information on overall acidity or basicity of the scaffolds.

4.2.2 Presence of acid sites

These scaffolds are not only different in terms of their porosities, but also in terms of their chemical nature.
An important characteristic in this respect is the presence of Brønsted and/or Lewis acid sites on the scaffold.
From literature, it is known that γ-Al2O3 contains strong Lewis acid sites, TiO2 P90 contains weaker Lewis
acid sites,37 and Nb2O5 and Nb3(PO4)5 contain both strong Brønsted and Lewis acid sites.33,47,67 To obtain
more information on the effect of these acid sites on the LiNO3 nanocomposite conductivities, they were
investigated using pyridine FTIR and NH3-TPD. Both techniques can probe the amount and strength of
acid sites on the scaffolds. However, unlike NH3-TPD, pyridine FT-IR can distinguish between Lewis and
Brønsted acid sites.
Although the focus of this work is on the presence of acid sites, it is important to keep in mind that these
scaffolds also contain Lewis or Brønsted basic sites. An important parameter in this respect is the point of
zero charge (PZC) of a material, which gives an indication on whether a scaffold is primarily acidic or basic
in nature. The PZC values found in literature for the scaffolds are summarized in table 4. To probe the
basic sites of the scaffolds, other techniques like CO2 FT-IR could be used.68

Investigation of acid sites with Pyridine FT-IR

To probe the Lewis and Brønsted acid sites of the scaffolds, pyridine FT-IR was performed. The results are
shown in figure 17A for wave numbers ranging from 1350− 1700 cm−1. As described in the theory section,
three spectral regions are of main interest.
The first region of interest is the one around 1545 cm−1. If pyridine is protonated by Brønsted acid sites, its
ring vibrations will give rise to absorption at these wave numbers. From figure 17A, it is clear that SBA-15,
γ-Al2O3 and TiO2 P90 have no peak here, and therefore these scaffolds do not contain any Brønsted acidity.
On the other hand, Nb3(PO4)5 and Nb2O5 do have a peak in this region, with the one of Nb3(PO4)5 being
more pronounced. These two peaks were integrated, giving an indication on the amount of Brønsted acid
sites present on both scaffolds. The results are given in table 4.
The second spectral region, ranging from about 1600 − 1628 cm−1, can be related to pyridine molecules
coordinated to a Lewis acid site. A larger Lewis acid site strength corresponds to larger wave numbers.
Since SBA-15 does not show a peak in this region, it does not have any Lewis acid sites. γ-Al2O3 shows a
double degenerate peak at the highest wave number (1619 cm−1), indicating the presence of two Lewis acid
sites that differ in chemical environment and strength. The other scaffolds display peaks at similar wave
numbers (∼ 1608 cm−1), indicating no clear differences in LAS strength.
Lastly, the spectral peak around 1455 cm−1 provides a quantitative estimate on the amount of Lewis acid
sites present on the scaffold surface. Again, SBA-15 does not show a peak in this region, indicating the
absence of any Lewis acid sites on this scaffold. The other scaffolds do show peaks in this region. These
peaks were integrated, providing quantitative results on the amount of Lewis acid sites present on the scaffold
surfaces, as given in table 4.
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Figure 17: (A) Pyridine FT-IR spectra ranging from 1350 − 1700 cm−1 of various metal oxide scaffolds.
Absorbance values are corrected for the weight (mg) of sample in each wafer. (B) Results from NH3-TPD
measurements on various metal oxide scaffolds. The amount of adsorbed NH3 is corrected for the weight of
sample (mg) after a baseline subtraction.

Investigation of acid sites with NH3-TPD

As a second measure for the presence of acid sites on the scaffolds, NH3-TPD was performed. Although this
technique does not distinguish between Brønsted and Lewis acid sites, it does provide quantitative data on
the amount of acid sites, as well as providing an indication on their strength.
Information on acid site strength can be inferred from the desorption temperatures, shown in figure 17B
and given in table 4. These values indicate that SBA-15 has the strongest acid sites, followed by TiO2

P90, Nb3(PO4)5, γ-Al2O3 and Nb2O5. This result for SBA-15 can be questioned due to its low signal.
Furthermore, this trend is different from the one found with pyridine FT-IR. In literature, these results
are explained by the weak acidic character of the silica surface hydroxyl groups, causing them to be often
mischaracterized as being non-acidic. Apparently, only the NH3 molecule coordinates to these groups,
whereas the pyridine molecule does not.69

Quantitative data were obtained from deconvolution of the measured TCD concentration versus time (graph
not shown here). The results are summarized in table 4. When compared to the results of pyridine FT-IR,
it is clear that the NH3-TPD measured values are all much higher. This can partly be explained by the
smaller size of NH3 as compared to pyridine, allowing it to better access any acid sites present in the scaffold
micropores. Furthermore, this allows multiple NH3 molecules to bind to closely located acid sites, whereas
the pyridine molecule might be too large to make this distinction. Furthermore, it might be possible that
some diffusion or re-adsorption effects, or small measurement errors cause an overestimation for NH3-TPD
results. Naturally, measurements errors might be present in the pyridine FT-IR results as well. Nevertheless,
the quantitative results from NH3-TPD and pyridine FT-IR are in general agreement in the sense that they
show the same trend from least to most acid sites: SBA-15, γ-Al2O3, TiO2 P90, Nb2O5, Nb3(PO4)5.
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4.3 LiNO3 nanocomposites

Melt infiltration of LiNO3 was performed in the five scaffolds that were characterized in the previous section.
This section will describe the results obtained for characterization of the nanocomposites, in terms of pore
infiltration, stability of LiNO3 and nanocomposite conductivity. The techniques used for this purpose were
DRIFTS, DSC, XRD and EIS, the results of which will be discussed in the following sections.

4.3.1 Investigation of pore filling and LiNO3 stability with DRIFTS

As a first indication on whether the melt infiltrations of LiNO3 had been successful, DRIFTS was employed.
The DRIFTS results of the bare scaffolds, pure LiNO3 and the nanocomposites at 130% pore filling are
shown in figure 18.
The characteristic LiNO3 bond vibrations between 2000 − 3000 cm−1 provide information on the stability
of LiNO3 during melt infiltration. Since these vibrations are still present in all nanocomposites, there is no
indication on any chemical conversion. Furthermore, no vibrations can be observed in the nanocomposite
spectra which were not present in those of the pure compounds. This indicates that LiNO3 was stable during
all melt infiltrations and no chemical reactions took place. These results are in line with the results for heat
treatment of LiNO3 in the absence of any scaffolds.
The intensity of the characteristic LiNO3 bond vibrations between 2000− 3000 cm−1 decreases with respect
to that of pure LiNO3, which is most clear in the case of the Nb3(PO4)5 and Nb2O5 nanocomposites. This
effect is related to the amount of LiNO3 present in the samples. In the case of these two scaffolds, their
pore volumes are small and therefore the relative amount of LiNO3 at 130% pore fillings is small in the
nanocomposites as well, causing less intense vibrations.
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Figure 18: (A) Results obtained with DRIFTS on pure LiNO3, SBA-15 and γ-Al2O3 and in between their
combined nano-composites at 130% pore filling. Scaffold surface hydroxyl group vibrations disappear for
LiNO3 in γ-Al2O3, but not in SBA-15. (B) Similar results obtained for TiO2 P90, Nb3(PO4)5 and Nb2O5

scaffolds. Each of the nano-composites does not show vibrations between 3500 − 4000 cm−1, indicating
complete pore filling.
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Figure 19: Three heating and cooling cycles of 130% LiNO3 in SBA-15 (red) and in γ-Al2O3 (green) are
shown with an offset of ± 0, 1 and 2, respectively. The γ-Al2O3 nano-composite displays a second peak at
lowered temperature, and less bulk peak intensity than the SBA-15 one.

Scaffold Onset (C) Pores filled (%) Inside : outside pores (%)

SBA-15 250 34 25 : 75
γ-Al2O3 246 104 70 : 30

TiO2 P90 235 75 58 : 42
Nb3(PO4)5 250 104 80 : 20

Nb2O5 246 73 56 : 44

Table 5: Degree of pore filling of LiNO3 in all scaffolds, as determined quantitatively with DSC

When LiNO3 has completely infiltrated the scaffold pores, the vibrations of hydroxyl groups (–OH, 3500−
4000 cm−1) present on the scaffold surfaces will be blocked, causing the intensity of these bond vibrations to
be quenched. Indeed bond vibrations in this spectral region can be observed for all bare scaffolds, confirming
the presence of surface hydroxyl groups. Furthermore, these vibrations cannot be observed in the DRIFTS
spectra of all nanocomposites, expect for the LiNO3 in SBA-15 one. This suggests that complete pore filling
of LiNO3 was achieved in all scaffolds, expect for in SBA-15.
Although the DRIFTS results already suggest that melt infiltration of LiNO3 was successful in all scaffolds,
except for SBA-15, it is important to corroborate these results with a technique complementary to DRIFTS.
For this purpose, the next section will describe results obtained with DSC measurements.

4.3.2 Investigation of pore filling and LiNO3 stability with DSC

To obtain more information on the thermal stability of LiNO3 and infiltration of the scaffold pores, DSC
measurements were performed on all nanocomposites at 130% pore filling. With DSC, the melting behaviour
of LiNO3 is measured, which is affected by nanoconfinement. Therefore, with this technique it is possible
to distinguish between LiNO3 inside and outside of the scaffold pores. The results of DSC measurements
are shown in figure 19 for SBA-15 and γ-Al2O3, and in figure 20 for the other nanocomposites. Table 5
provides the onset temperatures related to melting. In all graphs, no significant differences between each
of the different heating and cooling cycles can be observed. This shows that LiNO3 is stable upon heating,
similar to what was found for pure LiNO3 in the absence of any scaffolds.
The DSC results for the nanocomposites can be compared to the results shown in figure 14A for pure
LiNO3. Again, melting of bulk LiNO3 occurs around 255 ◦C and recrystallization occurs at slightly lower
temperatures for all nanocomposites. This bulk LiNO3 is not nanoconfined, as nanoconfinement would effect
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Figure 20: Three heating and cooling cycles of 130% LiNO3 in TiO2 P90 (green), Nb3(PO4)5 (blue) and
Nb2O5 (purple). Each next cycle is plotted with an offset of ± 1.

its melting behaviour, and therefore present outside the pores of the scaffolds.
Especially in the case of LiNO3 in γ-Al2O3, secondary melting and crystallization events are visible at lower
temperatures. These events can be related to intra-porous LiNO3, which have a depressed melting point
due to nanoconfinement. Such secondary peaks are present in the SBA-15 nanocomposite as well, but with
much less intensity. This suggests some pore filling, but not as much as in γ-Al2O3.
Of the other three nanocomposites in figure 20, only the LiNO3 in Nb3(PO4)5 one clearly shows such a
second peak, around 225 ◦C. This peak is broad and not intense, making it difficult to discern. For the
LiNO3 in Nb2O5 nanocomposite, no secondary melting peak which can be related to nanoconfined material
can be observed at all. It is likely that these peaks are not clearly visible due to the relatively small amount
of LiNO3 present in the samples. It can be argued that melting point depression takes place in the LiNO3 in
TiO2 P90 nanocomposite as well, since the onset temperatures related to melting are lowered with respect to
that of pure LiNO3. Furthermore, these three peaks seem to be broadened with respect to the other samples.
This suggests two differing melting behaviours, which is clear from the first melting peak containing two
minima. It is likely that melt infiltration has taken place here, but did not cause a strong enough melting
point depression to clearly separate the nanoconfined and bulk LiNO3 melting behaviours. This is probably
caused by the relatively large pores of the TiO2 P90 scaffold with a broad pore size distribution, as was
shown in figure 16.
Beside these qualitative interpretations of the DSC results, it is possible to perform quantitative analysis on
the negative peaks that correspond to melting of bulk LiNO3. By integration of these peaks, together with
the measured bulk enthalpy of -387 J g−1, the amount of extra-porous or bulk-like LiNO3 can be calculated.
Subtracting this from the total amount of LiNO3 present in the sample yields the amount of intra-porous
LiNO3. With this approach, it is possible to calculate how much of the pore volume is filled after melt
infiltration. For LiNO3 in TiO2 P90, this was complicated by the overlap in bulk and nanoconfined LiNO3

melting behaviours. Therefore, the peaks were deconvoluted by approximation with two Gaussian fits in the
Origin9.1 program. The results are summarized in table 5.
From these quantitative results, it follows that in the SBA-15 nanocomposite, only 34% of the pores was filled,
in contrast to the 104% obtained in the case of γ-Al2O3 and Nb3(PO4)5. In the other two nanocomposites,
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Figure 21: (A) Results of conductivity measurements on heated LiNO3 and all nanocomposites at 130%
pore filling (170% in Nb2O5). The scaffolds used are in order of increasing conductivity: SBA-15, γ-Al2O3,
TiO2 P90, Nb3(PO4)5 and Nb2O5, accompanied by a decrease in activation energy. (B) The nanocomposite
conductivities as function of the total amount of acid sites as determined with pyridine FT-IR.

only about 75% of the pores is filled. For TiO2 P90, this determined value might be less than 100% due to the
two overlapping melting peaks. Furthermore, it is probable that the measured degree of pore filling in TiO2

P90 and Nb2O5 are lower than expected due to the presence of macropores in these scaffolds. When these
macropores are too large to affect the melting behaviour of LiNO3 due to nanoconfinement, intra-porous
LiNO3 will contribute to the observed bulk melting peak and causing an underestimation of the amount of
intra-porous LiNO3.
Upon combination of these DSC results with the DRIFTS results shown before, we conclude that LiNO3

is stable upon heat treatment and successfully infiltrated the pores of all scaffolds at least to a significant
amount, except for those of SBA-15.

4.3.3 Conductivity of LiNO3 nanocomposites

The conductivity of all nanocomposites was determined with EIS. The results are shown in figure 21A,
together with the conductivity of heated LiNO3 for comparison. Both the height and slope of the graphs are
important, giving the conductivities and related activation energies of the materials.
From figure 21A, it is clear that the conductivity of heated LiNO3 at room temperature is lower than that
of all nanocomposites. Therefore, melt infiltration successfully raises the conductivity of LiNO3 in the case
of all scaffolds. Together with this increase in conductivity, a decrease in activation energy is observed for
all nanocomposites as compared to heated LiNO3.
These effects of increasing conductivity and decreasing activation energy differ in magnitude for the various
scaffolds used. The nanocomposite containing SBA-15 has the lowest conductivity and activation energy.
This can be rationalized by the DRIFTS and DSC results presented before, which showed that LiNO3 does
not infiltrate into all SBA-15 pores. We can conclude that nanoconfinement of LiNO3 is important for
successfully enhancing its conductivity.
From figure 21A, it can be deduced that pore filling is not the only factor in conductivity enhancement of
LiNO3. Whereas pore filling was observed for LiNO3 in γ-Al2O3, TiO2 P90, Nb3(PO4)5 and Nb2O5, these
nanocomposites all have different conductivities. The order of increasing conductivity is approximately the
same as that of decreasing activation energy: γ-Al2O3, TiO2 P90, Nb3(PO4)5 and Nb2O5.
To understand what causes these differences between the nanocomposites, the properties of the various
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scaffolds should be evaluated. Two main differences can be appointed. The first is related to the porous
properties of the scaffolds, which were discussed in section 4.2.1. From literature, it is known that the
morphology and size of the pores indeed plays an important role.24 However, this difference alone cannot
explain why LiNO3 does not enter the pores of SBA-15, whereas it does enter the pores of all other scaffolds. A
second difference between the scaffolds is related to the chemical nature of their surfaces, which was discussed
in section 4.2.2. Since the interaction between the infiltrate and the scaffold is important for successful melt
infiltration and wetting,24 as well as for LiBH4 nanocomposite conductivity,19 this was investigated further.
In terms of chemical nature, an important difference between SBA-15 and the other scaffolds is the presence
of Lewis acid sites on their surfaces, as was determined by pyridine FT-IR and NH3-TPD in section 4.2.2.
Indeed, the order of increasing Lewis acid sites on the scaffold surfaces, summarized in table 4, is similar
to that of increasing conductivity of the nanocomposites: SBA-15 < γ-Al2O3 < TiO2 P90. The other two
scaffolds, Nb3(PO4)5 and Nb2O5, deviate from this trend in the sense that their corresponding nanocom-
posites have higher conductivities. It is likely that these deviations are caused by the presence of Brønsted
acid sites on their surfaces. Indeed, when the sum of Lewis and Brønsted acid sites is taken into account, a
linear correlation is found between the number of acid sites of the scaffolds and the conductivities of their
nanocomposites, as shown in figure 21B.
In figure 21B, the total amount of acid sites as determined with pyridine FT-IR are shown, whereas the results
of NH3-TPD are neglected since they show a worse correlation. This might indicate that the correlation
between nanocomposite conductivity and amount of acid sites is less strong than what is suggested in figure
21B. Another explanation for the deviating NH3-TPD results could be that these measurements were not
performed accurately. However, it is most likely that these deviations are caused by the fact that the NH3

molecule is smaller, and binds stronger and less specifically to acid sites on the scaffold surfaces. It is possible
that the NH3 molecule probes acid sites that are too weak to interact with the LiNO3 infiltrate, and that
these acid sites therefore do not have an effect on the nanocomposite conductivities.
Another discrepancy in figure 21B is the deviating conductivity of the Nb3(PO4)5 nanocomposite, which
is circa two orders of magnitude lower than expected from this linear correlation. One explanation is that
the interaction between LiNO3 and Nb3(PO4)5 is too strong, and there is actually an optimum in amount
of acid sites. Murayama et al. [33] report that indeed the Nb3(PO4)5 scaffold contains more and stronger
Brønsted acid sites than the Nb2O5 one. Another explanation could be related to the phosphate instead of
oxide anions on the scaffold. Upon measuring the nanocomposite conductivity with EIS, a pellet is pressed
in between two pieces of metallic Li foil. It is possible that this metallic Li reacts at the interface with
the scaffolds. However, when TiO2 P90 and Nb2O5 are (partially) reduced, a semiconducting compound is
formed with electronic conductivity. This might actually help in establishing a good electric contact between
the Li foil and the nanocomposite pellet. However, when Nb3(PO4)5 is (partially) reduced, an interfacial
layer of partially reduced phosphate anions might form, which can have a resistive or blocking effect. Perhaps
such a layer is formed, and increases the pellet resistance, thereby decreasing the measured conductivity.
Irrespective of the cause for the lower conductivity of the Nb3(PO4)5 nanocomposite than expected, a
correlation between the LiNO3 nanocomposite conductivities and the presence of both Lewis and Brønsted
acid sites on the scaffold surfaces is clear. These acid sites help in establishing a favourable interaction
between LiNO3 and the scaffold, which is essential for wettability and successful successful pore infiltrations,
as well as for enhancing conductivities. This illustrates the importance of tuning surface interactions when
performing melt infiltrations as a way to increase the conductivity of LiNO3.
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In this master thesis, the effect of nanoconfinement on the conductivity of two different lithium salts was
tested: LiNO3 and LiNH2. This section will discuss the results obtained for LiNH2 nanocomposites.

5.1 Heat treatment of LiNH2

A LiNH2 nanocomposite is obtained using melt infiltration of LiNH2. This section will describe the stability
of LiNH2 in the absence of a scaffold during synthesis. Furthermore, the effect of melting and recrystallization
on the conductivity of LiNH2 will be discussed.

5.1.1 Stability of LiNH2 under heat treatment

The stability of LiNH2 upon heating up to its melting point was investigated with DSC measurements.
The results are shown in figure 22A. No phase transition or reaction occurs up to about 340 ◦C, since a
straight line is observed. However, a peak with an onset temperature of about 367 ◦C indicates melting of
LiNH2. These onset temperatures are provided in table 6, being lower than the melting point of 390 ◦C
reported by the supplier and in literature.70 This might indicate the onset of another endothermic event,
like thermal decomposition of LiNH2. Recrystallization upon cooling occurs at even lower temperatures, but
this is related to a kinetic delay. A cooling rate lower than the applied 5 ◦C min−1 might reduce this delay.
Some noise is observed at temperatures above the melting point of LiNH2. This is likely to be caused by
a bad contact of the sample with the edges of the DSC cup. A possible explanation is either too much or
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Figure 22: (A) Results from DSC measurements on pure LiNH2, with three heating cycles from inside to
outside (light green to black) plotted with respective offsets of 0, 5 and 10 W g−1 LiNH2 in the relevant
temperature range. The second and third heating peaks were integrated, giving the enthalpy values shown
in the graph. In (B), DRIFTS results are shown on LiNH2 before and after heating.

Cycle Onset (◦C) Enthalpy (J g−1)

1 - -841.3
2 366.9 -628.6
3 367.7 -529.2

Table 6: Tabulated results from DSC measurements on melting of pure LiNH2. The melting peak of cycle
1 could not be integrated with the STARe software, and was integrated with Origin9.1 instead.
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Figure 23: In (A), XRD results on LiNH2 before and after heating are shown. Clear differences are only
observed in the relative ratios between the two peaks at 41° and 42° and those at 60°. Conductivity results
from EIS measurements are shown in (B), indicating a decrease both in conductivity and activation energy
after melting and recrystallization.

too less sample in the cup, but in this case noise would be observed at lower temperatures as well. Another
explanation is a chemical reaction of LiNH2, which induces loss of sample and formation of NH3 gas.71 This
was investigated by quantitative analysis of the three melting peaks. The corresponding enthalpies are listed
in table 6. Their values decrease upon cycling, confirming a gradual loss of LiNH2 in the sample. This
thermal decomposition of LiNH2 is in agreement with the articles by Zhang and Hu [71] and Bramwell et al.
[72], who suggest a corresponding formation of Li2NH and NH3 gas:

2LiNH2 → Li2NH + NH3 (16)

∆H = 84.1 kJ/mol NH3

5.1.2 Characterization of heated LiNH2

Heat treatment of LiNH2 was performed under NH3 atmosphere in an effort to shift the chemical equilibrium
and suppress thermal decomposition of LiNH2. To establish whether thermal decomposition of LiNH2 was
successfully suppressed, the heated product was characterized with DRIFTS and XRD.
Figure 22B for LiNH2 shows DRIFTS spectra of LiNH2 before and after heat treatment. Both spectra are
identical, indicating that the chemical structure of LiNH2 is preserved and no new chemical compounds
are formed. A doubly degenerate peak around 3300 cm−1 can be observed, which is related to the two
N–H stretch vibrations which are slightly offset in energy due to Fermi resonances.73 Furthermore, a doubly
degenerate peak is visible around 1600 cm−1, which can be related to N–H bending vibrations.73 The ratios
between the peaks are similar in both spectra, giving no indication that the suggested decomposition product
Li2NH is formed.71

Similarly, XRD patterns of LiNH2 before and after heat treatment are shown in figure 23A. Both spectra
are similar, each showing peaks at diffraction angles 2θ that correspond to the values of LiNH2 reported in
literature.74 Furthermore, the peak at around 36° is most intense for both compounds, indicating a preferred
orientation in this (hkl = 111) direction. However, ratios between the various diffraction peaks are different.
For example the two adjacent peak pairs around 42° and 60° have similar intensities before heating LiNH2,
but a more intense right and left peak after heating, respectively. These intensity differences are actually
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in line with the reference diffraction pattern reported by Yang et al. [74]. However, it is also possible that
some Li2NH was formed, since it has diffraction peaks at similar diffraction angles as LiNH2. For this
same reason, it is difficult to determine its presence with certainty.74,75 However, peak broadening would
be expected in this case, since the Li2NH diffraction peaks at 42° and 60° are positioned exactly in between
the diffraction peak pairs of LiNH2. Since this is not the case, and combined with the identical DRIFTS
spectra, we conclude that little to no decomposition of LiNH2 has taken place, and applying NH3 pressure
suppresses its thermal decomposition.

5.1.3 Effect of heat treatment on conductivity LiNH2

It was shown that LiNH2 is stable during heat treatment under NH3 pressure. To investigate whether the
conductivity of LiNH2 changes after melting and recrystallization, EIS measurements were performed. The
results are shown in figure 23B.
Clear differences between LiNH2 before and after heat treatment can be observed, with both the conductivity
and activation energy decreasing upon heat treatment. This is true for extrapolation of these conductivities
to room temperature as well, yielding values of 3.9 · 10−11 S cm−1 and 7.3 · 10−12 S cm−1 for LiNH2 before
and after heating, respectively. However, it should be taken into account that these activation energies and
conductivities are not precise since few measurement points were taken, in the low sensitivity region of the
EIS apparatus.
Note that these results are in contrast to the results obtained for LiNO3, which showed both a conductivity
and activation energy increase after heat treatment. A possible explanation for the change in conductivity
upon heat treatment might be a structural change induced by melting and recrystallization, which can be
viewed as an annealing process. As was discussed in theory section 2.1, the presence of solid-solid interfacial
regions and defects are essential for improved conductivities. It is possible that this annealing removes
defects and stress by restructuring the solid,76 thereby lowering the amount of mobile charge carriers.23

Further investigation with for example quantitative XRD should be performed to obtain more information
on this effect.
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5 Results and discussion: LiNH2 nanocomposites

5.2 Characterization of scaffolds used for LiNH2 melt infiltrations

Melt infiltration of LiNH2 was performed in the following scaffolds: SBA-15-NH2, SBA-15, γ-Al2O3, γ-
AlO(OH) and MgO. Note here that reducible scaffolds like TiO2 P90, Nb3(PO4)5 and Nb2O5 could not be
used as LiNH2 is a reducing agent. The porosity of these scaffolds was characterized using N2-physisorption,
whereas the presence of surface hydroxyl groups was confirmed using DRIFTS.

Scaffold porosities

Adsorption and desorption isotherms of the scaffolds are shown in figure 24A, with the single point adsorption
at p/p° = 0.995 giving the total pore volume of the materials. These values are summarized in table 7.
Figure 24B gives the BJH pore size distributions of the scaffolds, showing that the pore diameters are all
smaller than 12 nm. These BJH pore size distributions were approximated with a Gaussian fit, giving the
average values and standard deviations as given in table 7. SBA-15, MCM-41 and SBA-15-NH2 have small
pore size distributions due to their ordered mesoporosity, whereas the other scaffolds have larger pore size
distributions. Table 7 provides the BET surface areas of the scaffolds as well. From these results, it follows
that grafting of the SBA-15 surface with APTES molecules has significantly reduced the porosity of the
scaffold. Lastly, table 7 again provides the PZC and surface group density values, which were discussed in
theory section 2.3.
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Figure 24: (A) Physisorption isotherms of all scaffolds used for LiNH2 melt infiltrations. (B) BJH pore
size distributions of the scaffolds. The values for SBA-15 are divided by a factor 2 for clarity.

Scaffold Pore diameter BET surface area Pore volume PZC OH density
(nm) (m2 g−1) (cm3 g−1) (molecules nm−2)

SBA-15-NH2 6.1 ± 0.3 401 0.63 8 - 927 2.628

SBA-15 6.7 ± 0.3 787 1.14 4 - 527 7.728

γ-Al2O3 8.7 ± 1.6 173 0.46 7 - 929 11.528

γ-AlO(OH) 6.5 ± 1.2 216 0.34 7 - 830 -
MgO 3.6 ± 0.6 252 0.28 12 - 1335 16.928

Table 7: Overview of porous properties of scaffolds used for LiNH2 melt infiltrations as determined with
N2-physisorption. Furthermore, literature values for PZC and surface hydroxyl group densities are added.
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Figure 25: DRIFTS results on all scaffolds used for LiNH2 melt infiltrations, showing the presence of
surface hydroxyl groups. Only SBA-15-NH2 does not have these groups, but instead aminopropyl-related
vibration modes can be observed.

Scaffold surface groups

The presence of surface groups on the scaffolds was investigated with DRIFTS. The results are shown in figure
25. Except for SBA-15-NH2, all scaffolds contain surface hydroxyl groups with characteristic O–H stretch
vibrations around 3750 cm−1. These vibrations can indeed be observed for MgO, γ-AlO(OH), γ-Al2O3 and
SBA-15.
The scaffold SBA-15-NH2 was obtained after grafting the SBA-15 surface hydroxyl groups with APTES, as
was shown in figure 7. A small peak is present around 3750 cm−1, indicating that not all hydroxyl groups
were removed by this grafting reaction. Either more APTES should have been added, or the corresponding
isolated silanol groups were not reactive enough to be removed. Either way, surface functionalization has
occurred to some extent, since peaks related to the propylamine ligands can be observed. These include
C–H stretch vibrations around 2900 cm−1 and N–H stretch vibrations around 3300 cm−1.
The effects of these different surface groups on LiNH2 melt infiltrations and nanocomposite conductivities
will be investigated in the following sections.
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5.3 LiNH2 nanocomposites

Melt infiltrations of LiNH2 were performed in all scaffolds mentioned previously. The results for LiNH2 in
SBA-15 will be discussed first, after which results for the other scaffolds will be discussed. Again, DRIFTS
and XRD were employed to characterize the nanocomposites in terms of scaffold pore filling and infiltrate
stability, followed by conductivity measurements using EIS.

5.3.1 Characterization of LiNH2 nanoconfined in SBA-15 at different pore fillings

To verify whether LiNH2 had completely infiltrated the pores of the SBA-15 scaffold, DRIFTS measurements
were performed. The results for pure LiNH2 and SBA-15, as well as their corresponding nanocomposites at
various degrees of pore filling (PF), are shown in figure 26A. In the case of complete pore filling, the vibrations
of the scaffold surface hydroxyl groups will be blocked, causing the O–H stretch vibrations around 3750 cm−1

to disappear. It is clear from this graph that indeed these O–H stretch vibrations gradually disappear with
increasing PF, having almost disappeared for the 25% PF and completely disappeared for the 50% PF
nanocomposites. The 75% PF nanocomposite also displays a small peak in this region, but this might be
caused by an impurity in the pure LiNH2 as well. Either way, these results indicate that after melt infiltration
the scaffold pores are completely filled.
A gradual change can be observed in the two N–H stretch vibrations of LiNH2 around 3300 cm−1. With
decreasing PF, these peaks broaden and their features are lost. A possible explanation for this result is
that nanoconfinement leads to different chemical environments for intra-porous and extra-porous LiNH2,
causing a larger spread in bond energies and a broadened peak. Additionally, a spectral shift to higher wave
numbers can be observed for the N–H stretch vibrations of the 25% and 50% PF samples. A shift to higher
wave numbers corresponds with a shift to higher energies, implying a stronger N–H bond. One explanation
for this shift is a chemical reaction between LiNH2 and the scaffold surface, thereby affecting the energies
of the amide N–H bonds. Another explanation could be related to the presence of hydrogen bonds, as is
suggested by Long [73]. In his work, he shows that the amide N–H bonds appear at 3350 cm−1 and 3200
cm−1 in the solid state and in the presence of hydrogen bonding. However, in a liquid state and in the
absence of hydrogen bonds, they appear at 3500 cm−1 and 3400 cm−1.73 This suggests that at the interface
with the scaffold a more liquid-like structure is formed, where interactions between the LiNH2 molecules are
weakened.
Peak broadening and spectral shifts are not observed for the N–H bending vibrations around 1600 cm−1,
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Figure 26: (A) Shows DRIFTS results and (B) shows diffraction peak patterns for the nanocomposites
LiNH2 in SBA-15 at increasing pore fillings.
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since the energy of these vibrations is less sensitive to a change in state (∼ 20 cm−1).73

At 2000 cm−1, a new peak appears in all nanocomposites. This peak cannot be related to the spectra
of either pure LiNH2 or pure SBA-15, suggesting that it is caused by the product of a chemical reaction
between LiNH2 and the SBA-15 scaffold. Given the simultaneous disappearance of surface hydroxyl group
vibrations, it is likely that these groups are involved in the reaction. It should be noted that this reaction is
not complete, since the N–H bending vibrations at 1600 cm−1 remain visible.
Assigning this peak at 2000 cm−1 to a certain chemical bond vibration or reaction product is not straightfor-
ward. In literature, few molecular vibrations have been reported to occur within this region.73 One possibility
is the formation of an N–O bond, since the LiNO3 DRIFTS spectrum shows vibrations between 2000−3000
cm−1. However, this seems unlikely since N–O stretch vibrations are reported to lead to a sharp peak
around 1500 cm−1, which is not observed here beside the N–H bending vibrations.73 Another possibility
is the formation of an Si–H bond, which is reported to cause a peak around 2250 − 2100 cm−1.73,77,78

Such silane compounds are prepared commercially by the reduction of gaseous SiO2 with Al under high H2

pressures, in a molten salt mixture of NaCl and AlCl3.79 Although the reduction of SiO2 requires extreme
reaction conditions, it might be possible that the reducing agent LiNH2 does cause some reduction of the
scaffold. More extensive characterization is required to confirm this hypothesis. Nevertheless, it is clear that
a chemical reaction between LiNH2 and the scaffold takes place.
More information on melt infiltration and the chemical reaction product observed with DRIFTS measure-
ments can be derived from XRD. The XRD patterns of LiNH2 in SBA-15 nanocomposites with various
degrees of pore filling are shown in figure 26B. The XRD pattern of the pure SBA-15 scaffold is not shown
because it contains only long-range ordering of the cylindrical pores, which is not relevant in this range of
diffraction angles. In terms of pore filling, the crystallinity related to pure LiNH2 disappears for pore fillings
below 100%. This is in line with good wetting and pore infiltration, because LiNH2 nanoconfined inside the
SBA-15 mesopores is not expected to cause any diffraction peaks.
At all pore fillings, a peak unrelated to pure LiNH2 is observed around 38 5°. This peak is broad, indicating
small crystallites. Its formation already low pore fillings suggests that it is related to a reaction between
LiNH2 and the scaffold at the interface. This is corroborated by its intensity relative to the bulk LiNH2

peak at 35.5°, which decreases with increasing PF. Other peaks unrelated to pure LiNH2 can be observed as
well, which are especially clear in the 75% and 100% PF samples. Upon comparing the 75% PF diffraction
pattern with the XRD pattern database, a lithium silicon oxide nitride compound with chemical formula
Li5SiNO3 seems most likely, as it explains all diffraction peaks at 38.7°, 41.4°, 44.3°, 57.9°, 61.1° and 70.1°.
However, these diffraction peaks are not indexed and the quality of this diffraction pattern is low.80

These DRIFTS and XRD results show that LiNH2 successfully infiltrates the pores of the SBA-15 scaffold.
However, it is also evident that some chemical reaction occurs between the SiO2 scaffold and LiNH2 infiltrate.
More extensive characterization with for example nuclear magnetic resonance (NMR) measurements are
required to fully understand the exact chemical structure at the LiNH2 and scaffold interface.

5.3.2 Characterization of other LiNH2 nanocomposites

Melt infiltration of LiNH2 was performed with other scaffolds to gain a better understanding on the chemical
reaction of LiNH2 and SBA-15. To investigate the effect of surface hydroxyl groups, SBA-15-NH2 was
synthesized by grafting the surface of SBA-15. To investigate the influence of the acidity of SBA-15, the
basic scaffolds γ-Al2O3 and MgO were used. Boehmite (γ-AlO(OH)) was used to investigate the effect
of surface hydroxyl groups as well. It is the uncalcined precursor for γ-Al2O3, and contains more surface
hydroxyl groups. An overview of the different scaffolds was given in section 5.2, where the presence of surface
hydroxyl or aminopropyl groups was established on all scaffolds.
To verify the success of pore infiltration, DRIFTS measurements were performed on the 130% PF nanocom-
posites. The results are shown in figure 27. From these graphs, it is clear that the surface hydroxyl group
vibrations around 3750 cm−1 of γ-Al2O3, γ-AlO(OH) and MgO have disappeared in the nanocomposite
spectra. Furthermore, the C–H stretch vibrations around 2900 cm−1, related to aminopropyl surface groups
on SBA-15-NH2, have disappeared in the corresponding nanocomposite as well. The disappearance of all
surface group vibrations indicates that wetting and complete pore infiltration have occurred in the case of
all four nanocomposites.
The N–H stretch vibrations of LiNH2, visible around 3300 cm−1, cause different peak intensities and widths
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Figure 27: Characterization using DRIFTS of four different scaffolds and their nanocomposites with LiNH2.
Note the deviating 200% pore filling of LiNH2 in MgO. It is clear from these results that

for every nanocomposite. In the case of γ-Al2O3 and MgO nanocomposites, these peaks are still clearly
present. On the other hand, these peaks are significantly lower in intensity and broader in the case of the
γ-AlO(OH) and SBA-15-NH2 nanocomposites. The exact cause for this is as of yet unclear. It cannot be
explained by a different amount of LiNH2 present in each sample. Furthermore, it does not seem to be
related to the amount of extra-porous LiNH2. It is likely that these peaks are broadened and less intense
due to some interaction with the scaffolds.
In the case of SBA-15, a chemical reaction took place between LiNH2 and the scaffold. A similar reaction
has taken place in these four nanocomposites, again giving rise to a peak around 2000 cm−1. The intensities
and widths of this peak are different for each of the nanocomposites, and in the case of γ-AlO(OH), MgO
and SBA-15-NH2 this peak is split in two. In the case of SBA-15-NH2, the higher intensity and increased
width are notable, since most surface hydroxyl groups were removed and therefore the reaction between
LiNH2 and the scaffold was expected to be suppressed. It is possible that the increased width is caused
by the surface modification, which has altered the chemical environment of the surface Si atoms, leading to
a larger variety in bond energies and therefore a broader peak. This explanation is in line with a partial
reduction of the scaffold and formation of an Si–H bond. In the case of the other scaffolds, partial reduction
might have occurred as well. To verify this hypothesis, more extensive characterization using for example
NMR measurements are required.
We can conclude that LiNH2 has successfully infiltrated the pores of all scaffolds, but that a reaction between
LiNH2 and the scaffolds has taken place as well. This is in line with the XRD patterns of the nanocomposites,
which are shown in appendix C.1 and yielded results similar to the SBA-15 nanocomposites. The nature of
this reaction and its implications are however still unclear. To establish the effect of melt infiltration on the
conductivity of the nanocomposites, EIS measurements were performed.

5.3.3 Conductivity of LiNH2 nanocomposites

The impact of LiNH2 melt infiltration on its conductivity was measured with EIS. The results are shown
for all nanocomposites in figure 28A, together with the conductivity of heated LiNH2 for reference. Table 8
summarizes the respective activation energies and conductivities at 130� and room temperature.
From these results, it is clear that the conductivity of all nanocomposites increases compared to pure LiNH2,
although the differences vary for each nanocomposite. Establishing the effect of melt infiltration on the
activation energy of LiNH2 is complicated by the measurements taken in the low sensitivity region of the
EIS apparatus (< 10−8 S cm−1), which make it difficult to determine the activation energy of heated LiNH2

accurately. Nevertheless, these results show that melt infiltration is a successful method for increasing the
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Figure 28: (A) Results of EIS measurements on all LiNH2 nanocomposites. A correlation is visible for use of
different scaffolds, where an increase in surface hydroxyl group density leads to a decrease in nanocomposite
conductivity. (B) Nanocomposite conductivities at 130� as function of the surface hydroxyl group densities,
as mentioned by Tamura et al. [28]. Note that this value was not reported for γ-AlO(OH), but is likely
higher than that of MgO. The value used for SBA-15-NH2 is one third of that of SBA-15, assuming the
replacement of three surface –OH groups for one surface –NH2 group with a similar chemical effect.

Scaffold σ130 (S cm−1) σRT (S cm−1) EA (eV)

LiNH2 heated 3.3 ∗ 10−9 7.3 ∗ 10−12 0.59
γ-AlO(OH) 4.5 ∗ 10−9 2.2 ∗ 10−11 0.51

MgO 1.1 ∗ 10−8 6.1 ∗ 10−12 0.72
γ-Al2O3 4.9 ∗ 10−8 1.0 ∗ 10−11 0.82
SBA-15 1.4 ∗ 10−6 2.1 ∗ 10−9 0.62

SBA-15-NH2 1.2 ∗ 10−5 5.3 ∗ 10−8 0.53

Table 8: Conductivities at 130� and RT, together with activation energies of all LiNH2 nanocomposites.

49



5 Results and discussion: LiNH2 nanocomposites

conductivity of LiNH2.
First of all, it is interesting to note that functionalization of SBA-15 with APTES leads to a conductivity
increase of about one order of magnitude in the resulting nanocomposite. Apparently, surface functionaliza-
tion has improved the interaction between LiNH2 and the scaffold in some way. Possible explanations are a
decrease in scaffold porosity, a change from acidic to basic (increase in PZC) upon surface functionalization,
and a change in surface groups from hydroxyl to bulkier aminopropyl ligands. The effect of scaffold porosity
is discussed in appendix C.2. A change in interaction between the scaffold and LiNH2 is however more likely
to explain these results, given the differences that are present in the DRIFTS spectra of the nanocomposites
in figures 26A and 27.
To gain information on the effect of the point of zero charge (PZC) of the scaffolds, the conductivity of the
SBA-15 and SBA-15-NH2 nanocomposites can be compared to the conductivities of the γ-Al2O3 and MgO
nanocomposites. As was mentioned in table 7, SBA-15 is an acidic scaffold, whereas the other three scaffolds
are basic. If the increase in PZC upon surface functionalization would explain the corresponding increase
in nanocomposite conductivity, the conductivity of the γ-Al2O3 and MgO nanocomposites is expected to
be higher than that of SBA-15. In fact, the reverse is true, indicating that some other factor plays a more
important role.
It seems likely that the amount of surface groups plays a more important role than their nature in nanocom-
posite conductivity. More information on this effect is found when comparing the results of the γ-AlO(OH)
and γ-Al2O3 nanocomposites. The former has a lower conductivity than the latter one, which might be
explained by the higher abundance of surface hydroxyl groups on the uncalcined γ-AlO(OH). It seems likely
that these surface hydroxyl groups are detrimental to the conductivity of the nanocomposites. This is in line
with the removal of surface hydroxyl groups upon grafting of the SBA-15 surface, together with a higher
conductivity in the nanocomposite.
Literature values for the number of surface groups of each of the different scaffolds were summarized in
table 7 (aminopropyl instead of hydroxyl groups in the case of SBA-15-NH2). The conductivities of the
nanocomposites at 130� are shown as a function of the surface hydroxyl group density on their surfaces in
figure 28B. We chose the conductivities at 130� because those values could be determined most accurately
for each of the nanocomposites. In this figure, indeed an exponential relation between the two quantities is
observed, with a decrease in scaffold surface groups resulting in an increase in nanocomposite conductivity.
The corresponding formula, with the number of surface groups given by x, is:

log(σ) = −4.4− 0.22x (17)

In literature, the density of surface hydroxyl groups was shown to be important for LiBH4 nanocomposites
as well.19 Ngene et al. [19] reported that drying of the scaffolds should remove all reactive surface groups
(vicinal silanols) and physisorbed water, which form non-conductive phases near the LiBH4/scaffold interface,
but leave less reactive surface groups (free silanols) at the surface. If we compare these findings to the
results presented in this work, including the formation of new phases in both DRIFTS and XRD and the
nanocomposite conductivities depending on the scaffold surface group densities, it seems that LiNH2 reacts
with scaffold surface groups, thereby forming non-conductive phases at the interface that are detrimental to
the conductivity of the nanocomposites. These non-conductive phases interfere with the more conductive
interface layers that are formed in all nanocomposites, provided that the conductivity of LiNH2 is improved
in all nanocomposites. However, by interface engineering the formation of these non-conductive phases can
be suppressed. Formula 17 suggests that the maximum attainable conductivity at 130 ◦C is equal to 10−4.4

for LiNH2 nanocomposites. Compared to pure LiNH2, this corresponds to a conductivity increase of four
orders of magnitude at 130 ◦C!
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6 Conclusions

Melt infiltration is an effective and straightforward method for increasing the conductivity of LiBH4. How-
ever, little is known on the applicability of this method to other lithium salts. In this work, we have
studied the effect of melt infiltration and nanoconfinement on the ion conduction properties of two Li-based
electrolytes for all-solid-state battery applications: LiNO3 and LiNH2.
Melt infiltration of LiNO3 was performed in a variety of scaffolds. With DRIFTS, DSC and XRD, it was
demonstrated that LiNO3 was stable during heat treatment and successfully infiltrated the pores of all
scaffolds, except for SBA-15. Whether or not infiltration is successful, is determined by the interaction
between the infiltrate LiNO3 and the scaffolds. A favourable interaction occurs when acidic sites are present
on the scaffold surface. Not only does this interaction have an effect on wettability and pore infiltration,
it also affects the conductivity of the nanocomposites. Using EIS measurements, a correlation between the
nanocomposite conductivity and the amount of acid sites on the scaffold surfaces was found. Compared to
pure LiNO3, this allowed an increase as high as a factor 106 in conductivity at room temperature to be
obtained for LiNO3 nanoconfined in Nb2O5.
Nanocomposites of LiNH2 were prepared using melt infiltration in a wide range of scaffolds. From DRIFTS
and XRD measurements, successful melt infiltration of LiNH2 into all scaffold pores was established. How-
ever, these techniques also indicated the formation of a new, as of yet unidentified phase at the infil-
trate/scaffold interface. A correlation between nanocomposite conductivity and surface group density was
found using EIS measurements. These results indicate the formation of non-conductive phases, which in-
terfere with the phases with enhanced mobility at the interface. Minimizing the amount of scaffold surface
groups resulted in a conductivity increase of more than a factor 1000 at room temperature for LiNH2 in
SBA-15-NH2 nanocomposites, as compared to pure LiNH2.
In this work, the wide applicability of melt infiltration as a means of increasing the conductivity of two
lithium salts was demonstrated. Even though both salts have completely different chemistries, increases in
conductivity of 103 − 106 were attained in both compounds after interface engineering. This demonstrates
that this method is versatile and can be applied to a wide range of lithium salts. We can conclude that melt
infiltration has an enormous potential for the development of solid electrolytes for all-solid-state Li-based
batteries.
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7 Outlook

As with every research, many questions remain on the nanocomposites synthesized in this work. Some
suggestions on follow-up experiments are listed here.
First of all, the true surface hydroxyl group densities of the scaffolds could be measured, instead of using
the values found in literature. Many methods can be employed for this purpose, including reaction with
Grignard reagents, thermogravimetric analysis (TGA) and acid-base titrations.28

Solid-state nuclear magnetic resonance (NMR) measurements could be performed on these nanocomposites
to measure the mobility of Li+ ions. In this way, a distinction can be made between the mobilities of Li+ ions
at the infiltrate/scaffold interface and in the bulk. Upon doing so, it can be unambiguously demonstrated
whether more or less conductive phases are present at the interface. Furthermore, this technique can provide
information on the chemical structure which is formed at the interface. Especially in the case of LiNH2 this
is of interest, since DRIFTS and XRD measurements alone did not provide sufficient information in this
regard.
Other electrochemical characterization methods beside EIS can provide additional information on the nanocom-
posites synthesized in this work. With cyclic voltammetry (CV), the electrochemical stability window of
these electrolytes can be determined. With chronoamperometry (CA), the transference number can be mea-
sured, which will give the relative contribution of Li+ ions to the overall conductivity. In that way, the
contributions of mobile anions and possibly electrons can be ruled out.
It would be interesting to verify whether the chemical reaction between LiNH2 and the scaffold surface groups
can be suppressed in a way other than minimizing the amount of scaffold surface groups. One possibility
is to apply more NH3 pressure during melt infiltrations. This requires the use of other autoclaves that are
suitable for high temperature synthesis.
Porosity in the nanocomposite pellet might have affected the conductivity measurements. To determine
its effect, pellets can be pressed at systematically varied pressures. Furthermore, the void fractions can be
determined more accurately by using N2-physisorption measurements.
The acid sites of scaffolds used for LiNO3 melt infiltrations were probed using pyridine FT-IR and NH3-TPD.
Additional information can be gained when the basic sites of all scaffolds are probed as well, for example by
using CO2 FT-IR.68

It might be interesting to see if a trend with number of scaffold surface hydroxyl groups on the conductivity
of LiNO3 can be found, similar to what was found for LiNH2. However, in this case it seems likely that an
increase in surface hydroxyl groups will lead to an increase in conductivity, given the higher conductivities
of the LiNO3 in γ-Al2O3 and TiO2 P90 nanocomposites as compared to the SBA-15 one. To better answer
this question, melt infiltration of LiNO3 in MgO and AlO(OH) could be performed.
In this work, the effect of scaffold porosity seemed to be minimal as compared to the effects of scaffold
surface groups. We have investigated this effect by performing LiNH2 melt infiltrations in a variety of SBA-
15 scaffolds. It is also possible to perform ball milling of both lithium salts. This synthesis method can be
used independent of scaffold porosity. It will be interesting to see if similar trends can be found with ball
milling as compared to melt infiltration.
Lastly, we hope that this research will eventually lead to the implementation of all-solid-state batteries. This
requires the testing of solid electrolytes in actual batteries, in terms of for example capacity, cycling stability
and compatibility with anode and cathode materials.
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A List of samples

Sample
name

Infiltrate Scaffold PF (%) Sacrificial agent T (◦C)

MP01 LiNO3 MCM-41 (old) 130 - 275
MP02 LiNO3 γ-Al2O3 130 - 275
MP03 LiNO3 MCM-41 (old) 130 - 275
MP04 LiNO3 SBA-15 130 - 275
MP05 LiNO3 TiO2 P90 130 - 275
MP06 LiNO3 Reduced TiO2 130 - 275
MP07 LiNO3 Reduced TiO2 170 - 275
MP08 LiNH2 γ-Al2O3 130 SrCl2 350
MP09 LiNH2 MCM-41 130 SrCl2 350
MP10 LiNO3 Reduced TiO2 170 - 275
MP11 LiNO3 Reduced TiO2 130 - 275
MP12 LiNH2 γ-Al2O3 130 NaNH2 390
MP13 LiNH2 SBA-15 130 NaNH2 390
MP14 LiNH2 - - NaNH2 410
MP15 LiNH2 γ-Al2O3 170 NaNH2 410
MP16 LiNH2 γ-Al2O3 200 NaNH2 410
MP17 LiNH2 SBA-15 170 NaNH2 410
MP18 - γ-Al2O3 - NaNH2 410
MP19 LiNH2 MCM-41 200 NaNH2 410
MP20 LiNH2 - - - 410
MP21 LiNH2 SBA-15 200 NaNH2 410
MP22 LiNH2 SBA-15 50 NaNH2 410
MP23 LiNH2 SBA-15 25 NaNH2 410
MP24 LiNH2 γ-Al2O3 130 NaNH2 410
MP25 LiNH2 SBA-15 130 NaNH2 410
MP26 LiNH2 γ-Al2O3 400◦C 200 NaNH2 410
MP27 LiNO3 TiO2 P90 130 - 275
MP28 LiNO3 γ-Al2O3 400◦C 130 - 275
MP29 LiNO3 - - - 275
MP30 LiNO3 γ-Al2O3 600◦C 130 - 275
MP31 LiNH2 SBA-15-NH2 (old) 200 NaNH2 410
MP32 LiNH2 γ-Al2O3 200◦C 200 NaNH2 410
MP33 LiNH2 γ-Al2O3 600◦C 200 NaNH2 410
MP34 LiNO3 γ-Al2O3 300◦C 130 - 275
MP35 LiNO3 γ-Al2O3 500◦C 130 - 275
MP36 LiNH2 SBA-15-NH2 (old) 130 NaNH2 410
MP37 LiNH2 SBA-15-CH3 (old) 200 NaNH2 410
MP38 LiNH2 γ-Al2O3 300◦C 200 NaNH2 410
MP39 LiNH2 γ-Al2O3 500◦C 200 NaNH2 410
MP40 LiNH2 MCM-41 200 NaNH2 410
MP41 LiI LiNO3 10 mol% - -
MP42 LiNO3 γ-Al2O3 200◦C 130 - 275
MP43 LiI LiNO3 10 mol% - 275
MP44 LiNO3 Nb2O5 130 - 275
MP45 LiNO3 Nb3(PO4)5 130 - 275
MP46 LiOH SBA-15 50 - 480
MP47 LiOH SBA-15 130 - 480
MP48 LiOH TiO2 P90 130 - 480
MP49 LiNO3 γ-Al2O3 200◦C 130 - 275
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A List of samples

Table 9 continued from previous page

Sample
name

Infiltrate Scaffold PF (%) Sacrificial agent T (◦C)

MP50 LiNO3 MCM-41 130 - 275
MP51 LiIO3 LiNO3 10 mol% - 275
MP52 LiNH2 SBA-15 60 130 NaNH2 275
MP53 LiNH2 SBA-15 75 130 NaNH2 275
MP54 LiNH2 SBA-15 90 130 NaNH2 275
MP55 LiNH2 SBA-15 120 130 NaNH2 275
MP56 LiNO3 Nb2O5 170 - 275
MP57 LiNO3 γ-Al2O3 ∼150 - 275
MP58 LiNO3 γ-Al2O3 10 - 275
MP59 LiNO3 γ-Al2O3 25 - 275
MP60 LiNO3 γ-Al2O3 50 - 275
MP61 LiNO3 γ-Al2O3 75 - 275
MP62 LiIO3 LiNO3 20 mol% - 275
MP63 LiNO3 Nb2O5 200 - 275
MP64 LiNO3 γ-Al2O3 ∼150 - 275
MP65 LiNO3 TiO2 P90 130 - 275
MP66 LiNO3 γ-Al2O3 100 - 275
MP67 LiNO3 Nb2O5 50 - 275
MP68 LiNO3 Nb3(PO4)5 50 - 275
MP69 LiNO3 TiO2 P90 25 - 275
MP70 LiOH γ-Al2O3 130 - 480
MP71 LiNH2 MCM-41 130 NaNH2 410
MP72 LiNH2 SBA-15 75 NaNH2 410
MP73 LiNH2 SBA-15 100 NaNH2 410
MP74 LiNH2 MgO 130 NaNH2 410
MP75 LiNH2 γ-AlO(OH) 130 NaNH2 410
MP76 LiNH2 MgO 200 NaNH2 410
MP77 LiNH2 CaO 200 NaNH2 410
MP78 LiNH2 SBA-15-NH2 25 NaNH2 410
MP79 LiNH2 SBA-15-NH2 130 NaNH2 410
MP80 LiNO3 SBA-15-NH2 130 - 275
MP81 LiNO3 TiO2 P90 170 - 275
MP82 LiNO3 γ-AlO(OH) 130 - 275
MP83 LiNO3 MgO 130 - 275

Table 9: Overview of all samples prepared in this work.
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B Supporting information LiNO3 nanocomposites

In this section, experimental data complementary to the results discussed in section 4 on LiNO3 nanocom-
posites are shown.

B.1 Characterization of LiNO3 nanoconfined in γ-Al2O3

In figure 29, DRIFTS and XRD data on LiNO3 in γ-Al2O3 nanocomposites are shown at increasing degrees
of pore filling, ranging from 10% to 170%. Only changes in intensity can be observed for each of the different
samples, and no changes in peak positions. Therefore, there is no indication on any chemical reaction between
LiNO3 and the scaffold surface and successful pore infiltration is confirmed.
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Figure 29: Characterization of LiNO3 nanocomposites in γ-Al2O3 at varying degrees of pore filling using
(A) DRIFTS and (B) XRD
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B.2 Characterization of LiNO3 nanoconfined in other scaffolds

Lower pore filling samples were synthesized for LiNO3 nanocomposites in combination with TiO2 P90,
Nb3(PO4)5 and Nb2O5 scaffolds. Figure 30 shows the characterization results from DRIFTS and XRD
mesaurements on these samples. No formation of new peaks can be observed, giving no indication of
a chemical reaction between LiNO3 and the scaffold surfaces. Disappearance of surface hydroxyl group
vibrations in figure 30A with increasing PF, and disappearance of crystallinity in figure 30 with decreasing
PF both indicate successful pore infiltration. Only in the case of TiO2 P90, LiNO3 crystallinity is observed at
25% PF. This can be explained by the macropores of TiO2 P90, which are large enough for LiNO3 crystallites
to form.
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Figure 30: Characterization of LiNO3 nanocomposites in TiO2 P90, Nb3(PO4)5 and Nb2O5 at different
degrees of pore filling using (A) DRIFTS and (B) XRD
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This section provides supporting information on the LiNH2 nanocomposites that were discussed in section
5.

C.1 XRD patterns of LiNH2 nanocomposites

Figure 31 shows XRD patterns of all LiNH2 nanocomposites which were characterized with DRIFTS and
EIS in section 5. The peaks related to pure LiNH2 differ in intensity for each nanocomposite, which is related
to the amount of extra-porous LiNH2.
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C.2 Investigation of the effect of scaffold porosity on LiNH2 conductivity

To determine the effect of the porosity of the scaffold on the conductivity of the corresponding LiNH2

nanocomposites, different SBA-15 scaffolds were prepared with systematically varied condensation tempera-
tures of 60 ◦C, 75 ◦C, 90 ◦C and 120 ◦C. Furthermore, an MCM-41 scaffold was synthesized according to the
procedure as described by Cheng et al. [81], in accordance with the procedure of Beck et al. [82].
Firstly, 296 mL deionized water, 40.85 g CTAB and 28 mL TMAOH (25 wt% in H2O) were weighed and
added to a 1000 mL round-bottomed flask. The mixture was stirred at 300 rpm in an oil bath of 30 ◦C.
Thereafter, 25.42 g SiO2 (Aerosil380) was added to the mixture, resulting in a gel mixture with aimed molar
composition 1.00 SiO2 : 0.19 TMAOH : 0.27 CTAB : 40 H2O. Stirring was switched off after 2 hours, while
the mixture was left to age at 30 ◦C for 24 hours. The slurry was allowed to react in a Teflon-lined stainless
steel autoclave at 140 ◦C for 40 hours. The MCM-41 was washed and filtered with distilled water. The solid
was dried in static air at 120 ◦C for 7 hours. Lastly, the MCM-41 was calcined at 550 ◦C for 12 hours. After
drying for 24 hours at 120 ◦C under vacuum (1 mbar) and magnetic stirring, the final product was obtained
and stored under inert Ar atmosphere.
The scaffold porosities were characterized using N2-physisorption. The corresponding pore size distributions
are shown in figure 32A, and the other quantities related to porosity are summarized in table 10. It is
believed that increasing the condensation temperature in SBA-15 synthesis will increase the mobility of the
template surfactants, thereby resulting in larger pore sizes and higher porosity [81]. However, such a clear
trend is not observed. For the purpose of this research however, it is sufficient to mention that the various
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Figure 32: (A) Pore size distributions for various SBA-15 scaffolds. The numbers 60, 75, 90 and 120
indicate their respective systematically varied condensation temperatures. (B) DRIFTS results for LiNH2

nanoconfined in these scaffolds

Scaffold Pore diameter (nm) BET surface area (m2 g−1) Pore volume (cm3 g−1)

SBA-15 6.7 787 1.14
SBA-15 60 6.4 610 0.51
SBA-15 75 7.4 834 0.74
SBA-15 90 8.0 721 0.71
SBA-15 120 7.5 627 1.10
MCM-41 3.1 1089 1.28

Table 10: Tabuled physisorption data on all SiO2 scaffolds used for LiNH2 melt infiltrations
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C.2 Investigation of the effect of scaffold porosity on LiNH2 conductivity

SBA-15 and MCM-41 scaffolds each have different porosities, which allows a systematic investigation on the
effect of scaffold porosity on the conductivity of the corresponding LiNH2 nanocomposites.
The 130% LiNH2 in SiO2 nanocomposites were characterized using DRIFTS and XRD. The DRIFTS results
are shown in figure 32B. The results are similar to the ones observed before for LiNH2 nanoconfined in SBA-
15, as was shown in figure 26. The N–H stretch vibrations around 3300 cm−1 broaden due to interactions
with the scaffold, and a peak around 2000 cm−1 appears, related to a chemical reaction between LiNH2

and the scaffolds. One important difference with the nanocomposite synthesized before is that O–H stretch
vibrations can be observed in the nanocomposites at 3750 cm−1. Perhaps no complete pore filling has
occurred. Another possibility is that this peak is related to an impurity in the pure LiNH2, since this
compound also shows a small peak in this region. Nevertheless, pore filling at least to a considerate amount
is suggested by these results.
The XRD patterns in figure 33A show diffraction peaks at equal diffraction angles 2θ as the XRD patterns
shown before for LiNH2 in SBA-15. However, clear differences are visible with respect to the intensities
of the two peaks at 35.5° and 38.5°. The former peak relates to LiNH2, but decreases in intensity for the
SBA-15 75 and SBA-15 90 nanocomposites, and even disappears completely in the case of the SBA-15 60
nanocomposite. This might be related to the pore volume of the scaffolds. SBA-15, SBA-15 120 and MCM-
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Figure 33: (A) XRD peak patterns for LiNH2 in all SiO2 scaffolds, and (B) their respective conductivities
as determined by EIS measurements
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Figure 34: Conductivities of all SBA-15 nanocomposites as function of (A) Pore diameter, (B) BET surface
area and (C) Pore volume.
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41 have the highest pore volumes, and therefore the most extra-porous LiNH2 and the most intense peaks
at 35.5◦C. SBA-15 60 has the lowest pore volume, the least extra-porous LiNH2 and therefore the least
intensity at 35.5°. Apparently, not enough extra-porous LiNH2 is present in this nanocomposite to give rise
to clear diffraction peaks.
The conductivities of the various nanocomposites are shown in figure 33B. Although differences between the
various SiO2 nanocomposites can be observed, the different conductivities deviate only within one order of
magnitude. Upon comparing these results with the scaffold porosities in table 10, no correlation between the
conductivity of the nanocomposites and the pore diameters or surface areas of the scaffolds can be found, as
is visualized in figures 34A and 34B. However, an optimum in conductivity can be found with respect to the
scaffold pore volumes, as is visualized in figure 34. This is in line with the XRD patterns, which depended
on the scaffold pore volume as well. The decrease in conductivity at high pore volumes can be rationalized
by a larger amount of less conductive extra-porous LiNH2, since for all scaffolds a 130% pore filling was
used. The decrease in conductivity at low pore volumes might be caused by a relatively larger amount of
non-conductive SiO2 scaffold with respect to conductive LiNH2.
We can conclude that an optimum ratio between scaffold and LiNH2 is important for obtaining high nanocom-
posite conductivities.

62



D Complementary results

The effect of the drying temperature of the scaffolds on nanocomposite conductivities was investigated by
drying γ-Al2O3 at 200 ◦C, 300 ◦C, 400 ◦C, 500 ◦C and 600 ◦C.

D.1 Effect of drying temperature of γ-Al2O3 on scaffold acid sites

In figure 35, pyridine FT-IR and NH3-TPD results on γ-Al2O3 are shown. The quantitative results are
summarized in table 11. Whereas the nature of acid sites on both scaffolds is similar, their quantities are
different. Pyridine FT-IR shows that slightly more Lewis acid sites are present on γ-Al2O3 600, while NH3-
TPD shows more acid sites on γ-Al2O3 200, related to Brønsted acid sites that are too weak to interact with
pyridine.
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Figure 35: (A) Pyridine FT-IR spectra ranging from 1350− 1700 cm−1 of γ-Al2O3 scaffolds dried at 200
◦C and 600 ◦C. Absorbance values are corrected for the weight (mg) of sample in each wafer. (B) Results
from NH3-TPD measurements on γ-Al2O3 scaffolds dried at 200 ◦C and 600 ◦C. The amount of adsorbed
NH3 is corrected for the weight of sample (mg) after a baseline subtraction.

Scaffold Pyridine FT-IR NH3-TPD
BAS (µmol/g) LAS (µmol/g) BAS+LAS (µmol/g) T1 (◦C) T2 (◦C)

γ-Al2O3 200 - 49 624 174± 23 350± 86
γ-Al2O3 600 - 68 348 159± 51 358± 99

Table 11: Amounts of acid sites on γ-Al2O3 dried at 200 ◦C and 600 ◦C, as determined with pyridine
FT-IR and NH3-TPD.
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D.2 Effect of drying temperature of γ-Al2O3 on nanocomposite conductivities

Conductivities of LiNO3 and LiNH2 nanocomposites in γ-Al2O3 dried at 200 ◦C, 300 ◦C, 400 ◦C, 500 ◦C and
600 ◦C are shown in figure 36. Some differences are present between the different scaffolds, but no clear trend
can be observed. Perhaps longer drying times would have resulted in larger differences between the scaffolds
and therefore larger differences in nanocomposite conductivities.
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Figure 36: Conductivities of LiNO3 and LiNH2 nanoconfined in γ-Al2O3 dried at 200 ◦C, 300 ◦C, 400 ◦C,
500 ◦C and 600 ◦C
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